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PREFACE. 


My  first  thought  was  to  call  this  work  a  Treatise  on  Engi- 
neering, which  is  a  more  pretentious  title  than  the  one  finally 
adopted. 

Notwithstanding  the  scope  of  the  volume,  it  has  fallen  short 
somewhat,  hoth  from  the  theoretical  and  practical  point  of 
view,  of  the  ency'cloppedic  *  character  which  that  designation 
would  imply. 

I  have  therefore  inscribed  the  rather  confusing  words  Civil 
Engineering  on  the  title-page.  The  prefix  **  Civil"  has  entirely 
lost  its  significance  by  the  introduction  and  substitution  of  such 
terms  as  Railway,  Bridge,  Hydraulic,  Mining,  Sanitary,  and 
Electrical,  each  presumably  signifying  an  engineer  who  is  a 
specialist  in  one  of  those  branches  of  engineering.  We  have 
many  eminent  experts  in  hydraulics,  practical  geology,  metal- 
lurgy, electricity,  pneumatics,  steam,  heat,  and  sanitation,  and 
many  of  these  are  accomplished  and  skilful  engineers.  It 
should,  however,  be  recognized  that  those  well  versed  in  these 
subjects  need  not  be  and  are  not  necessarily  engineers  ;  on  the 
contrary,  an  engineer  (civil)  should  know  enough  of  all  these 
s[>ecial  branches  to  adapt  his  designs  and  constructions  to  their 
intended  purposes. 

In  treatises  on  civil  e^^gineering  there  has  been  a  tendency 
to  devote  very  much  the  larger  space  to  the  theory  of  stress 
and  strain  in  bridge  and  roof  trusses  and  to  general  I'ailroad 
construction,  to  the  exclusion  of  many  equally  important  sub- 
jects, or  at  most  the  cursory  presentation  of  only  a  few  facts 
in  regard  to  them. 

I  have  endeavored  to  present  in  this  volume  the  theory  and 
pi*actice  (*onne<:*ted  with  all  the  more  important  branches  of 
engineering,  without  giving  undue  prominence  to  any  one  or  treat- 
ing each  exhaustively,  but  to  impress  on  the  mind  of  the  reader 
the  i^Hsential  and  fundamental  principles  and  practical  facts  with 
which  the  engineer  should  be  familiar,  leaving  him  to  pursue  his 
researches  in  any  department  which  he  may  select.     This  is  an 
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age  of  specialists  and  specialisms.  There  are  special  treatises  on 
almost  all  branches  of  engineering,  to  which  the  reader  is  refen-ed 
for  a  more  thorough  development  of  the  subjects  discussed  in  this 
volume. 

While  recognizing  the  value  and  importance  of  an  extended 
training  in  pure  and  applied  mathematics,  this  training  should 
be  given  prior  to  or  concurrent  with  the  course  of  engineering, 
but  a  treatise  such  as  the  present  one  should  not  be  used  for 
this  purpose.  The  important  principles  of  engineering  as  a  prac- 
tical science  should  not  be  lost  sight  of,  in  wearisome  struggling 
with  the  intricacies  of  a  purely  mathematical  problem.  I  have 
therefore  endeavored  to  ease  the  way  of  the  student  by  remov- 
ing the  mathematical  difficulties  by  which  his  mind  would  be 
diverted  from  the  proper  channel. 

From  a  practical  point  of  view  little  benefit  is  to  be  derived 
from  the  simple  ability  to  solve  theoretical  problems  and  evolve 
formulae,  unless  the  relations  and  value  of  the  quantities  con- 
tained are  fully  appreciated  and  the  limitations  of  its  applica- 
tions are  thoroughly  understood,  together  with  the  acquisition 
of  a  fSiCility  in  handling  and  applying  them.  I  have  therefore 
taken  great  pains  to  direct  attention  to  these  matters,  and  to 
give  a  number  of  practical  examples,  showing  the  proper  appli- 
cation of  scientific  principles  to  practical  purposes. 

"Numerous  works  have  been  consulted,  a  partial  list  of  them 
being  given  on  page  xviii.  Where  quotations  from  any  of  theui 
have  been  made  due  credit  has  been  given. 

It  is  a  simple  act  of  justice  to  acknowledge  my  indebtedness 
to  my  daughter,  who,  during  her  leisure  hours  out  of  school, 
prepared  nearly  all  the  drawings  in  this  volume. 

W.  M.  Patton. 
CaiCAGO,  III.,  July  15,  1895. 


TABLE  OF  CONTENTS. 


ARTICLB  PiaS 

L    SURYBTINO 1 

Ltkjing  out  structares.    Locating  piers  and  abutments.    Base- 
lines and  base-lino  bars. 
IL  Railway  Recokkoissance,  Surybts,  aiyd  Locatioks 10 

Object  of  reconnoissance.  Preliminary  survey  ;  location  ;  topo- 
g^pbical  features  of  the  country ;  sections  along  lines  or  profiles. 
Ix)cating  parties:  duty  of  its  members.  Topographical  party. 
Zigzag  lines.  Curves :  formulae  and  discussion ;  laying  out  curves 
l>y  tangent  and  chord  offsets. 

III.  Location  of  Simple,  Comfound,  and  Rbybbbed  Cub  yes 26 

Laying  out  curves  with  transit  and  chain.  Field  notes.  Length 
of  curve,  tangents,  chords,  and  ordinates;  degrees  and  radii  of 
curves.    Formul®  and  examples. 

IV.  Theobt  of  Maximum  Economy  in  Gbadbs  and  Citbybs 43 

Selection  of  the  best  line ;  cost  of  construction,  operation,  and 
maintenance.  Tractive  force.  Resistances  to  be  overcome :  fric- 
tion, grades,  curvature.     B^tablishing  grade  lines  on  profiles. 

V.  Location  of  Highways  and  Countby  Roads 47 

Grades.    Location  of  lines,  and  construction.    Principles  gov- 
erning location.    Costs.    Mountain  roads.    Maximum  and  ruling 
gradients. 
IV.  Location  of  Lines  of  Communication  by  Topoqbafhical 

Maps ^ 56 

Topographical  surveying :  plotting  contours  ;  contours ;  topo- 
graphical maps  ;  profiles ;  sections  and  grades.  Levelling  and  field 
notes.  Profile  paper.  Practical  examples.  Resistances  on  level 
track  and  on  ascents.  Equating  for  grades.  Tractive  power  of 
locomotives^    Resistances  from  curvature ;  equating  for  curvature. 

VU.  Rbsistancb  to  Tbaction  on  Highways 80 

Causes  of.  Morin's  conclusions.  Friction.  Tractive  power  of 
horses.  Sizes  of  wheels.  Alignment ;  resistances  to  traction  on 
grades  ;  traction  on  highways.  Comparison  of  narrow  and  wide 
tires. 

VIIL  City  Sxtbysying 92 

Conditions  determining  sites  of  cities.    Comparison  of  city  and 

•  • 

VU 


Vlll  TABLE  OP  CONTENTS. 


▲BTIOLS  PAO& 

road  surveying.     Transit  and  tape  measurements ;  correction  of 
tape  for  temperature  and  sag.     Contour  maps.    Arrangement  of 
city  streets  ;  grades  on  streets  ;  examples  of  widths  and  grades. 
Monuments. 
IX.  Hydrography  and  Hydrographical  Survbyiko i02 

Canals.  Drainage  areas  ;  rainfall ;  evaporation,  absorption,  and 
percolation.  Discharge  of  streams.  Flow  and  measurement  of 
water  In  open  channels ;  discussion  and  formulas  ;  Kutter's  formule 
(for  examples  see  Supplement).  Hydraulic  mean  radius  ;  wetted 
perimeter.  Discharge  and  volume  of  flow.  Surveys  of  rivers  and 
harbors  (see  Supplement).  Mean  velocity  ;  determined  relation 
between  velocities.  Current-meters  (see  also  Supplement).  Meas- 
uring weirs ;  formulso  for.  Discharge  over  weirs ;  formulae  for. 
Canal  location ;  locks.  Ship-canals  ;  irrigation-canals.  Headworks 
and  weirs.  High  dams  for  storage ;  regulators.  Velocity  of  flow  in 
and  dimensions  of  canals,  (also  see  Supplement).  Distributing 
and  lateral  canals. 
X.  Building  Materials t 188- 

Timber,  stone,  metals  and  alloys,  cement,  mortar,  concrete.  En- 
dogenous and  exogenous  trees.  Structure  of  timber  ;  timber  clas- 
sified ;  hard  and  soft  wood  ;  defects,  durability,  and  decay.  Nat- 
ural and  artificial  seasoning,  preservation,  appearance,  and  charac- 
teristics. 
XI.  Stone 148 

Natural  and  artificial.     Structural  character.     Stratified  and  nn* 
stratified ;   chemical  composition ;    siliceous,   calcareous,   argilla- 
ceous.    Defects  ;   durability  and  decay.     Preservation  (see  also 
Supplement).     Appearances  and  characteristics. 
XII.  Quarrying  and  Blasting ....  16T 

General  rules.  Methods  of  drilling.  Line  of  least  resistance. 
Tamping.    Cost  of  quarrying.    (See  also  Supplement.) 

XIII.  Artificial  Stones 160 

Brick  and  concrete  ;  common  bricks  ;  brick  earths.  Preparation 
of  earth,  burning.  Kilns ;  quality  of.  Fire-bricks ;  terra-cotta ; 
tiles. 

XIV.  Limb,  Cement,  Mortar,  and  Concrete 16ft 

Calcination  of  limestones.      Kilns.      Pure,  rich,  or  fat  limes. 
Hydraulic  limes ;  cements.     Slaking.     Pozzuolana.     Artificial  ce- 
ments ;  proportions  of  materials.     Portland  cements.     Theory  of 
setting.     Burning  cement  stones.     Weight  and  fineness  of  cement. 
Slow  and  quick  setting.     Sand ;  kinds,  sizes,  and  qualities  ;  uses. 
XV.  Mortar 181 

Composition  of ;  uses  of.     Slaking  of  lime ;  Lime  mortar.     Sand, 
uses  of ;  cost  of.     Cement  mortar.     Proportions  of  ingredients. 
Quantity  of  paste  from  one  barrel  of  cement.     Cements  ;  weight 
of.     Hardening.    Effects  of  freezing.    Mixing.     Cost  of  cement. 
XVI.  Concrete 18T 

Composition  of ;  of  lime  mortar  ;  of  cement  mortar.     Hard  mat«- 


TABLE  OF  CONTENTS.  ix 


mt 


AKSICLK  PAOK 

rials  in ;  strength  of.  Voids  in  broken  stone.  Proportion  of  in- 
gredients. Mixing  bj  hand  and  machinery.  Placing  of,  and  ram- 
ming.   Depositing  under  water.     Uses  of. 

XVIL  Other  Abtificial  Stones  op  Cement  Moktar 194 

Coignet  beton.     Ransome's  patent.     Asphaltum ;  asphalt  mas- 
tics ;   and  concrete ;  cost  of  ;   kinds  of.      Coal-tar.      Plaster  and 
stucco.     Whitening  and  coloring.    Sewer-pipes. 

XVIII.  Metals 19ft 

Iron,  kinds  of  ore.  Smelting,  ore,  fuel,  and  flux.  Pig  Iron : 
classification  of :  composition  of.  Cast-iron :  classification  ;  com- 
position. Toughened,  properties.  Testing.  Wrought  iron  ;  pro- 
duction of.  Cold  and  red  short.  Tests :  appearance  of ;  uses  of 
rolled.  Steel :  classification  and  composition  ;  soft,  medium,  blis- 
ter, shear.  Heath's,  Bessemer,  Siemens-Martin's  processes  of  man- 
ufacture. Characteristics.  Hardening,  tempering,  annealing ; 
tests  ;  fracture. 

XIX.  Copper,  Lead,  Zinc,  Tin,  Alloys 211 

Ores :  characteristics,  properties,  uses. 

XX.  Paints  and  Varnishes 215 

Base.  Vehicle.  Solvent.  Driers ;  stainers.  Lead ;  zincs ; 
iron  ;  Torbay  ;  bituminous  ;  tar.     Fixed  and  volatile  oils. 

XXL  Structures 219 

Defined.  Materials.  Foundation-beds.  Substructures ;  super- 
structures. External  forces  ;  internal  stress  and  strain.  Design- 
ing structures.  Equilibrium,  strength,  stabilitj  ;  ultimate,  proof, 
working  strength.  Coefiicients  or  moduli  of  strength.  Elas- 
ticity ;  elastic  limit. 

XXII.  B.\LANCE  OR  Equilibrium  of  Forces 224 

General  principles.  Conditions  of  equilibrium.  Inclined  and 
parallel  forces.  Principle  of  the  lever.  Couples  and  moments. 
Force  polygon.  Centre  of  parallel  forces.  Types  of  locomotives. 
Graphics. 

XXIIa.  Equilibrium  and  Stability  of  Frames 23S 

General  principles.      Kinds  of  joints.      Frames,   ties,   struts, 
beams.     Equilibrium  of  four  parallel  forces.     Frames  of  two  bars. 
Triangular  and  polygonal   frames.      Graphical  and  analytidll 
solutions.     Stability.     Braces  ;  when  needed. 

XXIIL  Shears  and  Bending  Moments  on  Girders  and  Beams 253 

Dependent  upon,  combined  with  direct  stress.  Beams,  inclined 
or  horizontal ;  discussion  of ;  formulas  for,  involving  only  one 
variable.  Special  conditions  of  loading ;  positions  of  loads  for 
maximum,  continuous,  or  concentrated. 

XXIV.  Elasticity  and  Resistance  of  Materials 271 

Strength :  ultimate,  proof,  working.  Stiffness.  Experiments. 
Kinds  of  stress,  strain,  and  modes  of  fracture  ;  tensile,  compres- 
sive, shearing,  torsional,  bending.  Factors  of  safety.  Coeificients 
of  strength  and  stiffness.     Ductility  and  set. 


TABLE  OF  C0NTBKT8. 


▲BTICLB 

XXV.  Blasticitt  and  Resistance  Determined  bt  Experiment..  276 

Timber.  U.  S.  Government  experiments  :  cliaracter  of ; 
methods  and  machinery  for ;  significance  of  tests.  Relations 
between  strength  and  stiffness,  compression  and  moisture, 
specific  gravity  and  moisture.  Deductions,  tables  of.  Bled 
timber. 

XXVI.  Elasticity  and  Resistance  Determined  by  Experiment.*.  297 

Stone.    Fracture ;   acid  test ;  absorption.     Strength,  weight ; 
tables  of. 
XXVII.  Strength  op  Cement,  Mortar,  Concrete,  and  Artificial 

Stones 802 

Dependent  upon.  Experiments  on  compressive  and  tensile  re- 
sistances. Briquettes  of  neat  cement;  precaution  in  mixing; 
forms  of  moulds  ;  machinery  for  testing  ;  strength.  Quick  and 
slow  setting  cement ;  adhesive  strength,  transverse ;  accelerated 
tests,  in  hot  water  and  steam  ;  methods,  reliability  of  ;  fine  and 
coarsely  ground  compared  ;  value  of  tensile  tests ;  weight,  fine- 
ness, and  sand  used.     Conclusions. 

XXVm.  Cast  Iron 824 

Strength  of,  tensile  and  compressive  ;  limitation  of  use ;  co- 
efficient of  elasticity  ;  elastic  limit ;  effects  of  reheating ;  shear- 
ing and  transverse  strength,  and  formulad,  factors  of  safety; 
deflection. 

XXIX.  Wrought  Iron 881 

Strength  of ;  characteristics ;  uses ;  tensile  and  compressive 
strength ;  coefficients  of  elasticity ;  elastic  limit ;  crushing  of 
short  blocks ;  shearing,  splitting,  and  cross-breaking  tests  by 
falling  weights ;  deflection. 

XXX.  Steel 842 

Strength  of  ;  composition  ;  definition  ;  tests  for.  Admiralty  ; 
tempering,  percussive ;  welding  ;  falling  blows  ;  qualities ; 
tensile  and  compressive  strength  ;  rivets  of.  Cable-wire  :  mode 
of  testing ;  general  specifications  for  East  River  Bridge ;  gen- 
eral, for  wrought  iron,  tempered  and  unannealed ;  coefficient 
and  limit  of  elasticity  ;  precautions  in  testing  tensile  strength. 
XXXI.  Effects  of  Form  of  Cross-section  on  Strength  and  Stiff- 
ness  851 

Timber,  stone,  iron,  and  steel  in  tension  and  compression. 
Long  columns,  formulae  for,  with  fixed  and  rounded  or  pin  ends. 

XXXII.  Beams  and  Girders 860 

Moment  of  resistance  to  bending ;  assumptions ;  effect  of  bend- 
ing ;  neutral  surface.     Discussion  and  formulae. 

XXXIII.  Moments  of  Inertia 867 

Beams  and  columns  of  different  sections.  Neutral  axis.  Dis- 
cussion and  formulae. 

YYYTV   Shearing  Forces 877 

Discussion,  principles,  and  formulae  ;  distortion ;  effects  of ; 
directions,    kinds,   and    distribution ;    maximum    intensity   of. 


TABLE  OF  CONTBNTS.  Xi 


PAGK 

Thickness  of  web  plates.  Relation  between  shearing  and  ten- 
sile stress,  timber p  iron,  and  steel ;  in  rivets  and  bolts.  Riveted 
joints,  design  and  strength.  Rivets,  bending  and  bearing  re- 
sistances. Effects  of  punching,  drilling,  and  reaming  plates. 
Arrangement,  spacing,  and  number  of  rivets,  wrought  iron  and 
steel.  Hand  and  machine  riveting.  Dimension  of  rivets. 
XXXV.  Defijbction  of  Beams 895 

Discussion  and  deflection,  formulae.     Common  theory  of  flex 
nre.    Originally  curved  beams ;  two  methods  compared.     Ratio 
of  depth  to  length  in  beams.    Beams  of  equal  strength  above 
and  below  the  neutral  axis. 
iXXVL  Continuous  Beams 410 

General  discussion,  reactions,  moments  and  shears,  deflection. 
Comparisons  with  beams  simply  supported   at  both  ends,  or 
fixed  at  one  end  and  free  at  the  other. 
XXXYII.  Beams  of  Uniform  Strength 433 

Fixed  at  one  end,  supported  at  both,  with  varying  depth  or 
breadth. 
XXXVIII.  Foundations  and  Foundation-beds 436 

Bearing-power  of  materials ;  classification  of ;  methods  of 
determining ;  safe  loads.  Character  of  strata ;  borings.  For 
walls  of  houses,  piers  and  abutments,  dams,  and  other  struc- 
tures. Piles,  loads  on.  Weights  to  be  sustained,  examples  of, 
ot  beams,  projection  allowed.  Concrete  and  iron  beams,  dis- 
cussion and  formulae  (see  also  Supplement) ;  cribs  and  grillages 
for.  Piles,  number  and  intervals,  with  timber  or  concrete.  Sink- 
ing shafts,  in  ordinary  soils  and  through  quicksand ;  freezing 
process,  and  cement  grout  in  quicksand.  Rankine's  theory  of 
earth- pressure  in  soft  soils.  Foundations  for  machinery ;  exam- 
ple. Pile-driving  and  pile- foundations.  Short  and  long  piles  ; 
bearing  power  of ;  formulae  for ;  theory  of  ;  point  and  surface 
resistance  to  sinking  ;  theory  of  frictional  resistance.  Founda- 
tions in  water.  Coffer-dams,  design  and  construction  ;  theory  of 
stability.  Open  caisson  construction  and  sinking.  Preparation 
of  foundation-beds.  Ordinary  cribs  and  cylinders.  Deep  and 
Difficult  Foundations :  well-sinking;  open  cribs  and  dredging ; 
pneumatic  caissons ;  iron  and  timber  screw-piles  ;  description  ; 
designs ;  construction  ;  methods  of  sinking  ;  examples  ;  cais- 
sons ;  cribs ;  coffer-dams ;  cylinders.  Air-locks  and  shafts. 
Combined  open  crib  and  pneumatic  caisson  ;  description  ;  con- 
struction ;  method  of  sinking  ;  advantages. 
XXXIX.  Ordinary  Earthwork 542 

Embankment  and  excavation ;  materials  for,  method  of 
handling;  angles  of  repose  and  natural  slopea:  drilling  and 
blasting  in  rock  ;  stability  of ;  shrinkage.  Embankments  on 
swamps  ;  on  hillsides ;  forms  of  cross-section.  Haul.  Duties 
of  resident  engineers.     Cross-sectioning  field  notes.     Computa- 


XU  TABLE  OF  CONTENTS. 


ABTXOLB  PAOB. 

tion  of  areas  and  volumes.    Ordinary  and  prismo.dal  formuln. 
Tables.     Draining. 

XL.  QUARRTn^O  AND  STONE-CUTTraO 570 

Dimension  stone.  Explosives  and  blasting.  Dressing  stones 
for  ordinary  masonry  ;  for  arches. 

XLI.  Masonry 579 

Definition  of  terms.  Classification.  Rubble,  coursed  and 
random ;  uncoursed  ;  ashlar,  range  work  ;  blocli- in -course. 
Dimensions  of  stone  headers,  stretchers,  backing.  Bond  in. 
Cement  and  mortar  required ;  strength  of.  Pointing.  Meas- 
urement. Cost.  Wind-pressure  on  walls.  Dimensions,  cross- 
section,  and  stability  of  piers,  ice-pressure  on ;  brick ;  con- 
struction ;  bond ;  mortar  required ;  cost ;  rules  and  principles 
in  building.  Concrete  piers  ;  uses  ;  cost ;  examples  ;  propor- 
tions of  ingredients ;  limitations  of  use. 

XLII.  Retaining- WALLS 60S 

Theory  of  stability.  Internal  stress  in  general.  Discussion. 
Formulae.  Fluid  pressure.  Ellipse  of  stress.  Frictional 
stability  of  earth.  Pressure  of  earth  against  a  vertical  plane. 
Design,  construction,  and  dimensions  of.  Centre  of  gravity. 
Moments  of  stability.  Computation  of  thickness.  Surcharged, 
general  discussion.     Land  ties  for. 

ZLIII.  Rbsbryoir  Walls,  Dams,  and  Weirs 663 

Pressure  of  water.  Application  of  general  principles.  For- 
mulas. Conditions  of  stability.  Uniform  and  uniformly  vary- 
ing pressure  ;  centre  of  pressure  ;  intensity  and  distribution  of 
pressure.  Materials  for.  Foundation  beds  for.  Puddle,  con- 
crete, and  masonry  core.  Prevention  of  settlement  and  leaks. 
Failure  of ;  examples.  Weirs  classified.  Examples  of  con- 
struction. Curved  dams. 
XLIV.  Equilib^rium  op  Chains,  Cords,  Ribs,  and  Linear  Arches.  698 
Equilibrium  of  a  cord,  discussion  and  formulie.  Applicable 
to  suspension  bridges.  Extrados  and  intrados.  Catenary,  for- 
mulie for.  Linear  ribs.  Circular  and  elliptic  thrust  or  ten- 
sion under  uniform  normal  pressure.  Parallel  projections. 
Hydrostatic  and  geostatic  arches;  discussion  and  formulae. 
Transformed  arch.     General  conclusions. 

XLV.  Construction  op  Masonry  Arches 721 

Application  of  Principles.  Conditions  of  equilibrium  and 
stability.  Joint  of  rupture ;  how  found.  Flat  and  pointed 
Arches  ;  condition  of  arches  above  and  below  joint  of  rupture. 
Rankine's  theory  of  arch  ;  discussion.  Graphical  applications 
and  examples.  Lines  of  pressure.  Centres  of  pressure.  Thrust 
at  crown.  Springing  and  intermediate  points.  Common 
method  of  determining  lines  of  pressure.  Scheffler's  method ; 
discussion.  Construction  of  diagrams  and  tables.  Brick  arches. 
Skew  arches.  Centring  for  arches.  Abutments  and  piers  for 
arches.       Arch -bridges ;    masonry    and    concrete ;    examples* 


TABLE  OF  CONTENTS.  XUl 


ABnCLB  PAGB 

Thickness  of  arching.  Arch,  box.  and  pipe  culverts.     Concrete 
Arches  with  wire-netting  and  iron  beams. 
XLV I .  Tun  NELB 805 

Defined.     And  open  cuts.     Terms  used.     Linings  for ;  mate- 
rials of  construction.    Materials  excavated.    Pressure  on.    Pro- 
cesses of  tunnelling  ;  examples.     For  rapid  transit.     Locating 
centre  lines  of.    Drainage  and  ventilation.  Quantities  and  costs. 
XLVIL  Sewers 848 

Defined.    Dimensions  and  materials  used  ;  examples  of.   Cost 
of.    Precautions  in  construction  ;  examples  of 
XLVIII.  Construction  op  Highways 855 

Country  roads ;  earth  and  macadam.     Drains ;  method  of 
construction.     Over  swamps.     Paved  roads ;  foundations  for  ; 
materials  for.     Telford.     Quality  of  stone  and  dimensions; 
wear  ;  repairs  and  costs.     Specifications. 
XLVIIIa.  City  Streets 885 

Pavements.     Materials  for;  kinds  of;  foundations  for;  con- 
strnction  of.   Quality  and  wear  of  materials  used;  examples  of 
in  several  cities.     Destruction  of.     Creosoting  plant.     Tram- 
ways.    Cable- ways.     Electric  railways. 
ZLIX.  Framed  Structures 927 

General  remarks.  Trestles  and  viaducts.  Designs.  Construc- 
tion ;  pile  and  frame.  Loads  on.  Dimensions  of  members. 
Timber  and  iron.  Iron  piers.  Description  and  discussion. 
Cast  and  wrought  and  steel  beams.  Dimension  ;  strength  and 
deflection  Girders,  floor- beams  and  stringers.  Positions  of 
loads  for  maximum  shearing  and  bending.  Stresses  in  flanges 
and  web.  Practical  examples. 
L,  Framed  Structures  {Continued) 976 

Roof  and  bridge  trusses  determined  by  method  of  sections  or 
moments.  Simple  trussed  beams  ;  Howe  and  Pratt,  Fink,  Boll- 
man.  Post,  Petit,  Baltimore.  Double  triangular.  Pegram 
trusses.  Roof  trusses.  Dead  and  live  loads,  weights  of. 
Mathematical  and  graphical  determination  of  stresses ;  bridge 
trusses.  Dead  and  live  loads.  Maximum  bending  and  shear- 
ing in  beams  and  trusses ;  general  discussion.  Distribution  of 
weights  and  loads.  Weight  of  trusses.  Concentrated  and 
equivalent  uniform  loads. 
LI,  Simple  Timber  and  Iron  Trusses 1034 

Forms  of  joints  and  connections.  Triangular,  trapezoidal 
and  Howe  trusses.  Weights  of,  loads  upon.  Stresses  in.  De- 
sign, dimensions,  and  proportions  for  highways  and  railways. 
Eye-bar  and  pin  connections.  Strength  of  pins.  Pratt  truss 
for  highway  and  railway  bridges ;  weight  of ;  loads  upon  ; 
stresses  in  ;  designs  ;  dimensions  ;  proportions  ;  full  discus • 
sion.  Deck  Howe  truss,  determination  of  stresses  in.  Warren 
girder ;    stresses  in ;    design  ;   dimensions  ;    full    discussion. 


XIY  TABLE   OF  CONTEKTS. 


Graphical  determination  of  stresses,  Howe,  Pratt,  Warren,  and 
Whipple  trusses,  and  checked  by  moments. 
LII.  Cantilever  Beams  ai^d  Bridges 1148 

Hinged  and  fixed  ended  structures.  Positions  of  loads  for 
maximum  stresses.  General  discussion ;  determination  of . 
stresses;  examples.  Wind  and  erection  stresses.  Swing- 
bridges.  General  description.  Designs.  Discussion  and  de- 
termination of  stresses.  Reaction  and  shears.  Positions  of 
loads  for  maximum  stresses.  Analytical  and  graphical  meth- 
ods. Dead  and  live  loads.  Turn-tables.  Weight  of  bridges  ; 
formulae  for.  Wind  pressures  and  lateral  trusses  ;  discussion  ; 
design  ;  formulae.  Expansion-bearings  ;  rollers.  Economical 
depths  of  trusses  and  length  of  span.  Examples  of  long  and 
heavy  spans.  Erection  of  bridges.  Combined  direct  and  bend- 
ing stresses ;  discussion  and  formuke.  Secondary  stresses. 
Suspension  bridges  ;  design  ;  descriptions ;  discussion  ;  form- 
ula ;  examples. 
LIII.  Solid  and  Braced  Elastic  Arches 1283 

Theory  of.  Definition  of.  Conditions  of  equilibrium. 
Force  and  equilibrium  polygons.  Arches  of  metal ;  discussion 
and  formulae  ;  stresses  ;  position  of  loads  for  maximum  stresses. 
Deflection  of  curved  beams.  Parabolic  ribs  with  hinged  and 
fixed  ends.  Temperature  stresses. 
UV.  Formation  and  Permanent  Way 1255 

Ballast.     Cross-ties  of  timber  and  iron.    Track  ;  elevaton  of 
outer  rail ;  transition  curves  ;  turnouts  ;  frogs. 
LV,  Torsion  and  Twisting  Strains 1270 

Discussion,  formulae  and  examples.     Shafts  and  screw-piles. 
Resistance;  general  discussion.   Causes  of  deterioration  in  iron 
structures.      Development  and  manufacture  of  heavy  steel 
forgings. 
LVI.  Rivers  and  Harbors 1290 

General  remarks.  Natural  features  ;  regimen  of  water  chan- 
nels. Protection  of  banks.  Removal  of  bars.  Regulating 
dikes  or  jetties.  Outlets  of  rivers.  Mississippi  and  Brazos 
rivers  improvements ;  design  and  construction  of  jetties  ;  dis- 
cussion. Improvements  of  Charleston  harbor.  Breakwaters. 
Location  ;  design  and  construction  ;  quays  ;  docks  and  piers ; 
examples. 
LYII.  Sea-coast  Defenses,  Reclamation  of  Land 1870 

Description,  discussion,  designs,  and  methods  ;  examples. 
LVIII.  Canals 1880 

Classified.  Ordinary  canals.  Ship-canals,  Caledonian,  Man- 
chester, Amsterdam,  Suez,  Panama,  Nicaragua,  St.  Mary's 
Falls,  Chicago  Drainage,  Soonkesala.  Description  and  con- 
struction of.     Flumes. 


TABLE  OF  CONTENTS.  X^ 


AamOLX  PAOB 

LIX.  Hydrauucs 1481 

Flow  of  water  in  pipes  and  open  channels,  FormulsB  for: 
examples.  Losses  of  head.  Determination  of  dimensions  of 
pipes.  Velocity  of  flow,  quantity  of  discharge.  Steady  flow. 
General  principles.  Pipes  flowing  fall  or  partially  fall  :  ex- 
amples and  practical  applications.  Jets  of  water.  Discussion 
and  examples.  Ship-railways.  Improvements  of  the  Qreat 
Eaaawha  River. 


SUFFIJaCBKT , 150ft 

Surveys  of  rivers  and  harbors.  Current  meters.  Examples 
of  the  application  of  Kulter's  and  other  formulae  to  flow  in 
pipes  and  open  channels.  Drainage-curves,  water  reaching 
sewers ;  diagrams  and  formulae.  Circular  and  egg-shaped 
sewers.  Wind  pressure  in  engineering  construction.  Lateral 
and  sway  bracing ;  examples.  Specifications  for  electric  rail- 
ways. Water-supply  of  cities.  Tunnels.  Tramways ;  rails 
for  street-car  lines.  ParafiBne  for  preserving  stone.  Alu- 
minum and  aluminum  bronze.  Hudson  river  suspension* 
bridge  estimates  and  specifications. 


LIST  OF"  TABLES. 


PAGB 

Form  of  Transit  Notes 20 

"     **  Level        ••     67 

Resistances  to  Traction  on   Railways,  on  Leyels,  Carves,  and   Grades, 

Equating  for  Curvature. , 78;  78 

Resistances  to  Traction  on  Highways  and  Streets,  on  Levels  and  Grades ; 

Tractive  Power  of  Horses    86,  86,  87 

Loads  Hauled  by  Horses  on  Inclines 89 

Angles  of  Repose ;  Coefficients  of  Friction 89 

Results  of  Traction  Ig^xperiments 90 

Widths  and  Grades  of  Streets 102 

Rainfalls 105 

Coefficients  for  Use  in  Euter*s  Formulae  (see  also  Supplement) 112 

Weights  of  Cement  and  Plaster 180 

Voids  in  Broken  Stone,  Gravel,  and  Sand 189 

Proportions  of  Materials  in  Concrete 189,  190 

Transverse  Strength  of  Timber  Beams 284 

Coefficients    of     Strength    and    Elasticity    of    Iron,    Steel,   Stone,    and 

Timber 291.294,296,  296 

Steel  for  Memphis  Bridge 296 

Weight.  Stiffness,  Strength,  and  Toughness  of  Tunber 296 

Contraction  and  Expansion  of  Steel  and  Iron 296 

Strength  of  Stone ;  Coefficient  of  Elasticity 299,  300 

Strength  of  Cement  and  Concrete 808,  804,  806,  806,  811,  812 

Adhesive  Strength  of  Cement  Mortars  (see  also  Supplement) 818,  814 

Shearing        *'         '*        "  "        815 

Transverse     "  "        "  "        817,818 

Mortars  for  Sea  Works 321 

Proportions  in  Mortars  by  Weight  and  Volume 821,  822,  608 

Coefficients  of  Strength  and  Elasticity  of  Cast  Iron 826,  826.  327, 329,  880 

Factors  of  Safety 881 

Coefficients  of  Strength  and  Elasticity  of  Wrought-iron 888,  884,  885 

**  *'        "Steel 842to350 

**         in  FormulflB  for  Long  Columns 856,  857,  358.  859 

Formulae  for  Long  Columns 360,  861 

Comparative  Values  of  Transverse  and  Tensile  Resistances 365 

Moments  of  Inertia , 869 

Strength  of  Rivets  and  Riveted  Joints 891  to  395 

Safe  Loads  on  Foundation-beds 444 

**       "       "  Piles , 479.  485.  486 

Cost  of  Foundations  and  Piers,  Memphis  Bridge 537 

Angles  of  Repose  of  Earth 547 

Shrinkage  of  Earth 550 

Form  of  Cross- sectioning  notes 563 

Quantities,  Excavations,  and  Embankment 568 

Strength  of  Concrete  and  Stone  Masonry 586 

xvi 


LIST  OP  TABLEb.  XVll 


Cost  of  Qaariying  and  Masoniy .588,  599 

Mortar  required  in  Masonry 682  to  586,  599 

Materials  for  Earthen  Dams 672 

H  igb  Earthen  Dams « .     677 

German  Arches 784 

General  Examples  of  Arches 789.  790,  791 

Strength  of  Concrete  Arches 798 

Cost  of  Tannels  ;  Rateof  Progress 835,  889 

Uydraalic  Stope  ;  Rate  of  Fall  in  Sewers 849,  850 

Quantities  of  Material  in  Sewers  ;  Cost 854,  855 

Highway  Construction  :  Quantities  and  Cost  per  Mile 866 

Artificial  Asphalt,  Composition  of 892 

Comparative  Merits  and  Cost  of  Street  Pavements 898,  899 

Yitrified  Bricks  ;  Weights  and  Dimensions 908 

Cost  of  Brick  Pavements 918 

Cost  of  Street  Pavements  and  Sewers 919 

Strength  of  Beams  supported  Laterally 965 

Wind-pressure  on  Roof -surfaces 1008 

Constants  for  Weights  of  Bridges 1028 

Moments  of  Concentrated  Wlieel-loads 1111 

Dimensions  of  East  River  Suspension  Bridge 1228,  1229 

Transition  Curves • 1265 

StabUity  of  River-beds    1292,  1402 

Cost  of  Jetties 1818 

Discbarge  and  Delta  Mississippi  River 1828,  1829 

length  of  Canals,  Dimensions  of  Locks 1382,  1406,  1407 

Distances  saved  by  Canals 1405 

Quantities  and  Cost  Chicago  Drainage  Canal • .   1422 

Constants  for  Use  in  Darcy's  Formula 1438 

Flow  of  Water  in  Pipes  Running  Full 1441 

Loss  of  H%ad  at  Bends 1448,  1444 

Flow  of  Water  in  Pipes  Running  Partially  Full 1462 

Reduction  of  Velocity  at  Nozzles 1469 

Reducing  Factors  for  Nozzles  . . :   1471 

Consumption  of  Water  per  Capita  (see  also  Supplement) 1473 

Quantities     and     Cost     Kanawha     River     Improvement,     I^cks     and 

Dams 1491,  1492,  1493.  1498,  1507 

SUPPLEMENT. 

Constants  for  use  in  hydraulic  formul© 1540,  1541,  1544  to  1546 

Water-supply  of  some  large  cities 1''547,  1548 

Cost  of  concrete  in  place 1593,  1594 

Cost  of  laying  water-mains 1^^^ 

Adhesion  of  cement  mortar  to  bricks 1^^^ 

Composition  and  strength  of  Portland  cement 1604,  1616 

Rate  of  progress  and  cost  of  tunnelling 1605,  1606,  1615,  1618 

Mileage  and  cost  of  street  railways 1®^.  1^8 

Rails  for  street  railways 1  ^1^ 

Durability  of  rock  asphalt  pavements 16^3 

Metal  thickness  in  stand-pipes • 1^^^ 


BOOKS  AND  MAGAZINES  OP  EEFERENCK 


Applied  Mechanics.     Rankine. 
Bridges  and  Arches.     Green. 
Civil  Engineering.     Rankine. 
••  •*  Mahan.     (De  Volson  Wood,) 

Wheeler.    . 
Elasticity  and  Resistance  of  Materials.    Barr. 
Enclyclopedia  Britannica. 
Engineer's  Pocket-book.     Trautwine. 
Field  Engineering.     Searle. 

Henck. 
Flow  of  Water  in  Pipes  and  Channels.     Kutter. 
Foundations.     Patton. 
Highway  Construction.     Byrne. 
Irrigation  Works.     Plynn. 

Wilson. 
Masonry  Construction.    Baker. 
Modern  Framed  Structures.    Johnson. 
Notes  on  Building  Construction. 
Reports  of  the  Chief  of  Engineers  U.  S.  Army. 
Strains  in  Framed  Structures.     DuBois. 
Stresses  in  Bridge  and  Roof  Trusses.     Burr. 
Surveying.     Johnson. 
Treatise  on  Arches.     Scheffler. 
Treatise  on  Hydraulics.     Merriman. 

Magaztnbs. 

American  Architect.     Boston. 

£2ngineering.     London. 

Engineering  and  Mining  Journal.     New  Tork« 

•'  Journal  (Van  Nostrand)  "        " 

'*  Magazine.  "        " 

**  News.  «•        ** 

"  Record.  "        ** 

Inland  Architect.    Chicago. 
Journal  of  Associated  Societies  of  Engineers.'^ 

*'        **  the  Military  Service  Institution. 
National  Builder.    Chicago. 
Stone.    Chicago. 
Pocket-book  of  Useful  Information.    Carnegie. 

"  "        '*  '•  Cooper,  Hewitt  ft  Co, 

Transactions  American  Society  of  Engineers.     New  York. 

xviii 


A  TREATISE  ON  CIVIL  ENGINEERING. 


ART.  L 

SURVEYING. 


1.  In  all  engineering  works  of  whatever  kind,  surveying,  in  the 
most  general  acceptation  of  the  term,  is  the  first  actual  work  that 
has  to  be  performed,  and  it  is  no  mean  or  unimportant  part  of 
the  work.     The  principles  and   practice  of  surveying,  in  all  de- 
partments of  engineering,  should  not  only  be  understood  in  a  gen- 
eral way,  but  there  should  be  an  ease  and  a  facility  in  handling 
whatever  tools  or  instruments  may  be  necessary,  and  a  readiness 
in  knowing  how  to  go  about  it.     However  strange  it  may  seem,  it 
is  nevertheless  true  that  students  can  make  diagrams  and  drawings 
from  models,  explain  how  a  structure  should  be  laid  out,  make  all 
the  necessary  calculation^  of  base-lines,  angles,  or  sides  of  triangles, 
yet  give  them  the  ground-plans  of  a  house,  a  pier,  or  abutment 
with  instructions  to  transfer  the  same  to  the  ground  in  order  to 
guide  and  direct  builders,  and  the  awkward,  uncertain,  and  slow 
way  in  which  they  will  go  about  it,  is  simply  astonishing,  even  if 
they  can  do  the  work  at  all.    While  these  things  are  noticeable 
even  in  structures  of  simple  forms  of  section,  they  are  painfully  so 
in  the  higher  and  more  complicated  types  of  surveying,  such  as 
geodetic  surveying,  railway  and  canal  surveying,  location  of  piers 
in  wide  rivers,  and  the  ordinary  and   simple  astronomical  deter- 
minations.    The  necessary  familiarity  with  the  essential  principles 
and  their  applications  can  only  be  secured  by  constant  drilling  in 
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these  subjects;  and  while  it  may  not  be  necessary  for  the  civil  en- 
gineer to  be  a  profound  master  in  all  the  branches  of  surreyingy 
yet  he  should  clearly  understand  and  be  able  to  apply  readily  and 
with  confidence  in  himself  certain  simple  and  elementary  princi- 
ples in  all  of  them^  whatever  may  be  the  special  line  of  engineer- 
ing selected. 

2.  While  the  writer  must  refer  the  student  to  works  on  the 
several  branches  of  surveying  for  full  information,  it  will  not  be 
out  of  place  to  call  attention  to  a  few  of  the  simpler  principles  in 
the  several  branches  of  surveying  and  their  applications  to  a  few 
common  and  useful  problems  under  these  principles. 

In  a  work  on  Civil  Engineering  but  few  of  the  principles  of 
geodesy  and  astronomy  are  essential.  These  are  special  sciences, 
and  require  special  a.nd  thorough  instruction,  more  delicate  con- 
struction of  the  instruments,  more  powerful  telescopes,  and  steadier 
and  firmer  supports  upon  which  to  rest  the  instruments,  and  more 
care,  skill,  and  delicacy  in  adjustments,  graduations,  observations, 
and  in  handling  the  instruments. 

In  mining  surveying,  while  the  instruments,  tools,  and  appli- 
ances are  somewhat  different  from  those  required  in  surface  sur- 
veying, and  in  some  respects  and  under  some  conditions  greater 
care  and  accuracy  may  be  required,  yet  the  general  principles  and 
their  applications  are  not  materially  different. 

3.  In  what  will  be  said  in  this  article  on  the  subject  of  survey- 
ing, it  will  be  assumed  that  the  student  is  familiar  with  the  ad- 
justments and  use  of  instruments,  their  general  construction,  and 
the  manner  of  making  such  simple  repairs  as  an  ordinary  engineer 
may  have  to  perform  in  the  field  ;  he  will  also  be  supposed  to 
have  perfect  familiarity  with  the  elements  of  mathematics,  such 
as  ordinary  arithmetical  calculations  in  fractions  common  and 
decimal,  powers  and  roots,  simple  ratios  and  proportions  ;  the 
solution  of  algebraic  expressions  and  equations;  the  solutions  of 
triangles  and  circles;  the  ready  use  of  tables  containing  sines, 
tangents,  latitudes  and  departures,  logarithms  and  logarithmic 
sines  and  tangents,  etc.  While  the  higher  and  more  com- 
plicated expressions,  relations,  and  solutions  in  mathematics  may 
be  and  are  of  great  value,  and  the  student  may  be  better  off  the 
more  he  may  know  of  these  things,  yet  a  thorough  understanding 
of  the  elementary  relations  in  mathematics  will  be  alone  necessary 
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for  the  Bolation  of  a  very  large  majority  of  engineering  problems. 
But  familiarity,  readiness,  and  promptness  in  expressing  these  rela- 
tions^ Bolying  these  problems,  and  using  the  tables  must  be  so 
thorongh  that  no  study  or  reading  of  instructions  will  be  necessary 
after  the  problem  is  presented  and  the  necessary  conditions  and 
relations  are  understood.  The  want  of  this  familiarity  and  readi- 
ness in  these  elementary  matters  is  a  great  source  of  loss  and 
waste  of  time,  besides  often  resulting  in  inaccurate  ir  erroneous 
results  which  entail  more  delay,  waste  of  time  and  money,  inex- 
tricable confusion,  and  want  of  confidence  than  if  absolute  igno- 
rance was  acknowledged  and  known  in  the  beginning;  and  it  is 
not  infrequently  the  experience  of  engineers  to  find  young  men, 
well  versed  and  even  handy  with  the  expressing  and  solution  of 
problems  in  the  higher  mathematics  and  mechanics,  lamentably 
ignorant  of  the  elementary  relations  and  solutions  in  these  sub- 
jects. 

4.  Much  valuable  knowledge  and  experience  can  be  acquired 
and  many  useful  problems  can  be  solved  without  any  tools  or  in- 
struments. Distances  can  be  determined  by  pacing  and  stepping, 
directions  determined  and  lines  ranged  by  the  eye,  and  from  these 
angles  and  distances,  unknown  distances  can  be  determined  both  in 
vertical  and  horizontal  planes.  These  serve  excellently  for  rough 
approximations,  and  when  these  are  compared  with  actual  instru- 
mental measurements  and  repeatedly  compared  a  great  degree  of 
accuracy  in  distances,  angles,  and  directions  can  be  attained  by  the 
use  of  the  legs  and  the  eye.  The  construction  and  use  of  many 
such  problems  are  made  and  described  in  books,  but  the  tools  of 
the  engineer  are  the  chain,  hatchet,  and  stakes,  as  well  as  the  ruler, 
dividers,  and  pencil :  they  must  be  required  to  use  all  if  it  is  de- 
sired to  develop  useful,  practical,  and  intelligent  engineers,  and 
should  use  them  together,  while  the  student  is  young  and  im- 
pressionable. Study  and  practice  in  these  methods  are  of  great 
value,  but  must  necessarily  be  confined  to  those  cases  where  rough 
approximations  are  alone  required,  and  when  rendered  necessary 
by  the  want  of  more  accurate  tools  and  instruments,  or  where,  in 
connection  with  the  use  of  these,  certain  approximate  data  can  be 
advantageously  employed. 

6.  In  surveying  for  or  laying  out  any  ordinary  structure  there 
are  three  distinct  operations  to  be  provided  for :  1st,  to  mark  the 
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limits  of  the  ezcaTatioc;  3d,  to  mark  the  limits  of  the  footing- 
op  foandation-courses;  3d,  to  mark  the  limits  of  the  neat  vork 
or  body  of  the  stractnre.  The  laet  is  the  only  one  calling  for 
absolute  accuracy;  as  a  rule  there  is  a  margin  allowable  in  the  first 
two.  Ordinarily  the  surveyor's  work  can  be  limited  to  the  third 
operation.  By  simply  placing  stakes  in  the  prolongations  of  all 
bounding  lines  of  the  neat  work,  and  in  positions  and  at  dis- 
tances from  the  structure  where  they  are  not  likely  to  be  dis- 
turbed by  the  necessary  bnilding  operations,  the  intersection  of 
strings  connecting  the  two  stakes  on  each  line  will  mark  the 
comers  and  angles  of  the  structure;  or  temporary  stakes  may  be 
placed  at  or  near  these  angle-points,  with  reference  to  which  the 
excavation  can  be  commenced  at  proper  distances  to  allow  for  the 
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footing-courses,  which  can  also  be  commenced  by  reference  to  the 
same  stakes.  But  greater  accuracy  is  required  for  commencing  the 
neat  work,  the  bounding  lines  of  which  must  be  accurately  deter- 
mined by  the  transit  or  by  the  intersection  of  strings  connecting 
permanent  stakes.  In  the  case  of  piers,  abutments,  and  usual 
structures  the  layiug  out  is  easy  and  simple,  but  in  structures  of 
complicated  outline  the  operation  requires  much  labor,  calcula- 
tion, and  skill,  and  a  careful  study  of  the  easiest  and  shortest  way 
of  doing  the  work  is  time  well  spent.  The  instruments  usually 
required  are  a  transit,  a  level,  a  steel  tape,  and  the  transit  and 
level  rods.     Fig.  I  shows  the  ground-plan  of  an  ordinary  wing- 
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abutment  for  the  extreme  end-rests  of  a  bridge  structure,  showing 
outlines  of  the  excavation,  two  footing-courses,  and  neat  work. 
The  lettered  rectangles  represent  the  stakes  placed  on  the  pro- 
longations of  the  lines  of  the  neat  work;  the  dotted  lines,  the 
strings  which  mark  at  their  intersections  the  corners  of  the  neat 
work.  With  such  a  system  of  stakes  the  builders  can  do  all  the  lay- 
ing out.  Often,  however,  engineers  merely  give  roughly  the  limits 
of  the  excavation,  and  subsequently  lay  out  the  neat  work  on  the 
footing-courses  by  means  of  the  instruments,  using  the  centre  line 
of  the  roadway  as  a  base  and  line  of  reference.  The  principles 
involved  are  the  same.  The  latter  method  when  time  is  available 
will  generally  be  more  satisfactory  and  will  avoid  possible  errors 
and  misunderstanding. 

6.  The  proper  location  of  piers  and  abutments  probably  requires 
more  skill,  patience,  and  accuracy  on  the  part  of  civil  engineers 
than  any  other  operation  in  this  kind  of  surveying.  Wide,  deep 
rivers  with  rapid  currents  cause  him  many  days  and  weeks  of 
hard  labor,  and  he  awaits  anxiously  the  ultimate  swinging  and 
completion  of  the  superstructure  to  fully  satisfy  himself  that  no 
mistake  has  been  made.  The  locating  of  floating  structures  is 
necessarily  attended  with  some  uncertainty  and  ultimate  inaccu- 
racy, and  until  the  foundation-structures  rest  hard  and  firm  on  the 
beds  of  the  streams  no  absolute  certainty  can  exist;  but  with  proper 
care  the  error  will  be  insignificant.  There  is  or  should  be  some 
margin  in  the  size  of  foundation :  too  small  margins  will  often  lead 
to  trouble  and  expense.  Even  where,  as  in  open  caissons,  provisions 
are  made  for  floating  the  structure  by  pumping  the  water  out,  there 
is  no  certainty  that  a  second  effort  will  prove  more  successful.  A 
reasonable  excess  id  horizontal  dimensions  is  wise.  When  resting 
firmly  the  exact  location  of  the  neat  work  can  be  made.  Nothing 
but  uselessly  expensive  staging,  beams,  and  rods  with  screw-threads 
can  be  relied  upon — and  these  are  at  best  uncertain — to  hold  a  heavy 
structure  exactly  in  position  while  sinking  it  to  the  bed  of  a  stream. 
When  such  structures  as  large  open  cribs  and  pneumatic  caissons 
are  once  landed,  it  is  a  slow  and  expensive  operation  to  lift  them 
again.  The  writei'^s  practice  has  been  to  leave  a  margin  of  from 
2  to  4  feet  on  the  caisson.  This,  while  enlarging  the  base  of  the 
structure,  also  provided  a  margin  to  go  upon  in  the  case  of  error  in 
sinking  the  caisson.     His  greatest  error  in  sinking  90  feet  through 
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water  and  soil  was  only  18  inches  at  one  end  of  the  caisson,  asnally 
not  over  3  to  6  inches.  When  the  caisson  rested  firmly,  the  exact 
centre  of  the  masonry  could  be  located  on  it;  also  the  centre  line 
from  which,  by  turning  right  angles  and  measuring  proper  distances, 
the  first  course  of  masonry  could  be  accurately  laid  out.  To  locate 
any  of  these  sfcructures  requires  the  use  of  two  transits,  or  one 
transit  and  an  accurately-measured  steel  wire.  Both  should  be  used 
as  checks.  Holding  rods,  one  on  each  side  of  the  caisson,  on  the 
proper  line,  or  driving  nails  through  narrow  straight-edges  placed 
at  these  points,  and  keeping  these  with  the  transit  on  the  centre 
line,  will  keep  the  caisson  square  with  the  line;  and  measuring^ 
with  a  wire  by  holding  one  end  at  the  geometrical  or  masonry 
centre  of  the  caisson  will  give  the  proper  distance,  thereby  locating^ 
it  in  its  true  position.  In  locating  a  cofferdam,  where  practicable 
it  is  better  to  drive  a  pile  at  the  proper  centre  of  the  space  to  be 
enclosed.  Measurements  can  be  conveniently  made  from  this  pile. 
The  upper  and  lower  ends  of  the  dam  can  be  lined  by  a  transit 
from  the  shore,  adjusted  over  points  at  the  proper  distances  above 
or  below  the  centre  line.  Having  driven  spikes  accurately  in  line, 
a  large  frame  composed  of  two  pieces  at  right  angles  to  each  other 
can  be  used  to  get  the  piles  in  the  sides  of  the  dam  in  the  proper 
line,  and  when  two  or  three  are  driven  the  remaining  ones  can  be 
aligned  by  these,  or  the  piles  in  the  sides  of  the  dams  can  be  located 
by  the  transit  and  measurements  with  the  wire  or  steel  tape. 

7.  When  two  transits  are  used  a  base-line  is  accurately  measured 
on  one  or  both  banks  as  nearly  at  right  angles  to  the  centre  line 
of  the  road  as  practicable.  The  entire  length  of  this  base-line 
should-  be  equal,  if  practicable,  to  the  width  of  the  stream, 
and  points  should  be  marked  by  stakes  on  this  line  at  distances 
measured  from  its  intersection  with  the  centre  line  equal  to 
the  distances  of  the  respective  piers  from  this  same  point. 
Having  the  right  angle  and  the  two  including  sides,  the  other 
angles  can  be  calculated  in  each  triangle  having  the  centre  of 
the  pier  at  one  of  its  apices.  One  transit  sighted  along  the  centre 
line  and  the  other  on  a  line  making  the  calculated  angle  with 
the  base  will  intersect  at  the  centre  of  the  pier;  the  rod  being 
placed  at  this  intersection  locates  the  centre  of  the  pier.  These 
conditions  and  relations  are  shown  in  Fig.  2,  in  which  AE  is  the 
base-line;  1,  2,  3,  4,  and  5,  the  positions  of  the  piers;  AB  and 
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ACy  AD  and  AE  distances  on  the  base*line  as  nearly  equal  as 
possible  to  the  distanoee  ^2,  ^3,  .44^  and 
A^,  The  angle  at  A  to  be  measured,  and 
the  angles  at  B^  (7,  D;  and  ^  to  be  calcu- 
lated. With  one  transit  placed  at  A  and 
sighting  along  the  centre  line  AO^  which 
should  be  permanently  marked  by  several 
large  stakes  or  hubs  with  tacks  driven  in 
them  exactly  in  the  prolongation  of  the 
centre  line  A  Oy  and  another  transit  placed  at 
any  of  the  points  B^  C,  /),  or  E^  with  which 
turning  the  calculated  angle  at  those  points  and  bringing  the  rod 
simultaneously  in  the  two  lines  of  sight,  the  centres  of  the  piers 
may  be  located  successively.  Or  if  the  steel  wire  (a  piano-forte  wire 
No.  10  is  a  good  size)  is  used,  on  which  are  marked  the  distances 
A2y  2-3, 3-4, 4-5,  by  tarred  strings,  as  determined  from  an  accurately- 
measured  base  on  the  ground,  when  pulled  to  a  certain  tension  by 
means  of  a  spring-balance,  say  from  15  to  20  pounds,  then  rolled 
upon  a  reeL  The  wire  is  then  stretched  with  the  same  tension, 
with  the  end  of  one  string  at  A  and  the  end  of  the  other  string 
brought  into  line  at  pier  2,  and  similarly  from  2  to  3. 

Another  and  simple  method  is  as  shown  in  Fig.  3.  A  base-line 
is  laid  off  in  any  desired  direction  on  one  shore,  such  as  AEy  and 
certain  distances  measured  on,  it  ABy  AO,  AD  AE,  of  lengths  equal 
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or  nearly  so  to  the  distances  Al,  A2,  A3,  etc.  Also  measure  any 
base-line  on  the  opposite  shore  and  in  the  opposite  direction  to 
the  first  base-line.    Piers  5  and  1  are  commonly  located  at  conven- 
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lent  and  suitable  points  on  or  near  the  banks,  and  the  distances 
between  them  determined  by  triangulation  from  a  suitable  base- 
line, the  proper  distances  between  the  intermediate  piers  and  be- 
tween them  and  the  end  piers  being  determined  by  the  required 
conditions  or  an  act  of  Congress.  Then  the  distances  5Z>',  567',  bB' 
can  be  determined,  so  that  the  lines  of  sight  DD'y  C7(7,  BB'  will 
intersect  the  centre  line  AO  9,t  the  proper  position  for  the  centres 
of  the  piers  2,  3,  and  4.  For  in  the  triangle  AB2  the  angle  at  A 
and  the  sides  AB  and  A2  are  known,  hence  the  angle  at  2  can  be 
calculated;  then  in  the  triangle  02B'  the  angle  at  2  has  been  cal- 
culated, the  angle  at  point  5  measured,  and  the  distance  2-5  known, 
from  which  bB'  can  be  calculated. 

All  triangles  formed  should  be  well  conditioned;  that  is,  no 
angle,  especially  that  one  at  the  piers  2,  3,  4,  or  5,  should  be  too 
small :  the  larger  the  better,  as  the  smaller  will  be  the  possible  error 
in  locating  that  point.  Should  any  piers  be  built  above  the  line 
of  sight,  both  the  centre  line  and  any  oblique  line  intersecting  the 
pier  should  be  marked  on  both  faces  of  the  pier,  both  to  enable  the 
centre  of  the  pier  itself  to  be  located,  as  well  as  the  centres  of  the 
other  piers. 

8.  Base-lines  are  often  measured  by  means  of  the  50-  or  100-foot 
steel  tapes.  These  majr  or  may  not  be  absolutely  accurate  in  total 
lengths  or  intermediate  divisions,  and  in  addition  require  correc- 
tions for  changes  in  temperature,  which  are  both  uncertain  and 
troublesome,  and  the  measurements  may  not  correspond  with  those 
made  by  the  bridge  companies  in  measuring  the  lengths  of  the 
chord  bars,  which  in  bridge  construction  is  the  important  considera- 
tion, as  it  is  the  lengths  they  use  rather  than  the  absolute  length 
that  is  essential.  But  if  the  engineer  decides  to  use  the  United 
States  standard,  it  will  not  be  his  fault  if  the  bridge  company  does 
not  use  the  same.  Therefore  it  is  best  to  secure  a  U.  S.  standard 
steel  bar  three  feet  long,  which  can  be  obtained  from  the  chief 
of  the  Coast  Survey  department,  and  with  this  measure  at  the 
standard  temperature  at  least  three  bars  made  of  some  light  tim- 
ber, tipped  with  small  pyramidal-shaped  brass  points,  the  ex- 
treme end  being  not  more  than  ^  to  ^  inch  square.  The  bars 
should  not  be  more  than  12  to  15  feet  in  length.  Base-lines  should 
then  be  ranged  and  large  square  hubs  driven  in  line  and  at  dis- 
tances apart  equal  to  the  length  of  the  base-line  bars.     With  three 


8URVEYIKG. 


base-line  bars  placed  end  to  end  on  these  hubs,  after  they  have 
been  sawed  off  to  the  same  level  (or  as  many  to  the  same  level  as 
the  nature  of  the  ground  will  admit  of,  and  at  the  points  of  change 
in  height  of  hubs  the -ends  of  the  bars  are  to  be  adjusted  by  the 
plumb-line),  then  the  rear  bar  is  moved  to  the  front  and  accurately 
adjusted  to  the  end  of  the  former  front  bar,  and  so  on  until  the 
entire  length  of  the  span  or  spans  is  measured.  This  measurement 
should  be  repeated  several  times,  and  also  checked  by  an  accurate 
steel  tape.  The  extreme  end  hubs  should  be  large  timber  or  stone 
monuments,  firmly  set  or  driven  into  the  ground,  and  the  proper 
points  for  distances  indicated  by  tacks  or  small  pins,  if  timber 
monuments  are  used,  or  by  holes  when  the  hubs  are  of  stone.  These 
monuments  should  reach  from  two  to  three  feet  above  the  ground, 
and  sbould  be  at  the  same  level.  All  intermediate  hubs  should  then 
be  removed.  The  steel  wire  then  should  be  tested  by  stretching  it 
with  the  proper  tension  between  these  points,  and  should  not  touch 
the  ground  at  any  point.  The  exact  distances  can  then  be  marked 
by  wrapping  tarred  strings  on  the  wire  covering  a  distance  of  from  1 
to  2  inches  on  the  wire,  the  inner  ends  of  the  string  indicating  the 
exact  distances  apart,  equal  to  the  length  of  the  span;  the  string 
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nearest  the  end  being  common  to  all  spans,  and  any  number  of  other 
strings  placed  to  correspond  with  the  different  lengths  of  span. 
The  wire  should  be  tested  both  before  stretching  it  to  measure  the 
span  and  also  afterwards,  merely  as  a  precaution  against  any  slipping. 
This  method  has  been  successfully  used  by  the  writer  in  locating 
piers  from  150  to  525  feet  apart,  and  he  much  prefers  it  to  triangu- 
lation,  though  the  triangulation  method  was  often  resorted  to  merely 
as  a  check  or  when,  owing  to  the  excessive  distance  or  other  cause, 
the  wire  could  not  be  used.  And  on  some  forty  or  more  spans 
measured  in  this  way  there  has  never  been  any  appreciable  error,  or 
discrepancy  in  the  lengths.  The  greatest  error  he  now  recalls  was 
about  2^  inches  in  a  250-foot  span,  which  was  evidently  the  result 
of  carelessness  somewhere.    The  following  diagram.  Fig.  4,  shows 
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the  form  of  base-line  bar  used  by  the  writer.  It  was  made  of  pine, 
was  stiffs  and  deflected  to  no  appreciable  extent.  The  length  was 
15  feet.  It  was  measured  and  graduated  while  suspended  between 
two  points  of  support,  in  order  to  take  into  consideration  any 
deflection  that  might  exist. 

Each  pier  after  completion  should  have  its  exact  centre  both  as 
to  line  and  distance  marked  by  a  short  bolt  or  pin  of  small  diame- 
ter before  being  abandoned  by  the  builders.  It  may  serve  several 
important  and  useful  purposes. 

These  principles,  rules,  and  experiences  may  have  many  other 
useful  applications. 


ART.  II. 

RAILWAY  RBCONNOISSANCES,   SURVEYS  AND  LOCATIONS. 

9.  It  having  been  determined  to  connect  two  points  called 
termini  with  a  railway,  canaJ,  or  highway,  with  possibly  either  the 
necessity  or  desirability  of  passing  through  one  or  more  intermedi- 
ate points  of  importance,  the  engineer  has  about  all  the  informa- 
tion possible  to  be  given,  and  upon  such  meagre  data  he  must 
develop  the  balance  and  bring  about  satisfactory  results. 

The  writer  has  seen  but  few  good  locating  engineers.  Much 
can  be  acquired  by  practice  and  experience,  and  to  some  extent 
by  certain  fixed  principles  and  rules;  yet  without  a  certain  natural 
talent  and  adaptability,  they  will  fall  short  of  reaching  any  high 
standing  in  this,  one  of  the  most,  if  not  the  most,  valuable  and 
important  departments  of  civil  engineering.  The  importance  of 
which  is  but  poorly  understood  or  appreciated  by  capitalists  and 
business  men,  as  evidenced  by  the  practice  of  employing  almost 
any  one  who  can  handle  an  instrument.  The  result  is  often  a  poor 
location,  requiring  unnecessary  cost  in  construction,  maintenance, 
and  operation;  especially  when  but  little  time  is  given  the  en- 
gineer to  make  the  reconnoissance,  preliminary  surveys,  and 
locations.  The  moment  they  begin  to  pay  out  money  they  want 
the  construction  to  begin,  and  as  soon  as  this  is  fairly  started 
they  want  the  track  laid  and  trains  to  commence  running.  This 
policy  is  often  followed  to  save  the  first  cost  of  construction,  but  it 
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often  defeats  the  very  purposes  intended.  The  only  thing  cer- 
tainly gained  is  the  early  operation  of  the  road  bringing  in 
some  money;  bnt  a  very  great  interest  charge  on  the  money  spent 
in  changes  of  location,  repairs,  and  renewals  of  defective  work 
and  stmctures,  increased  cost  of  operation  and  maintenance,  will 
do  away  with  the  so-called  earnings  of  a  badly-located  and  poorly- 
constructed  road.  Thousands  upon  thousands  of  dollars  are  spent 
or  wasted,  whereas  a  few  hundreds  spent  in  a  careful  location  and 
better  construction  would  avoid  most  if  not  all  of  the  waste.  It  is 
true  that  there  are  matters  with  which  the  engineer  has  little  to 
do,  as  very  often  his  instructions  are  simply  to  push  the  road  to 
completion  in  some  sort  of  way:  and  obedience  to  properly-cousti- 
tuted  authority  is  one  of  the  most  important  elements  in  the  train- 
ing of  an  engineer,  even  if  in  so  doing  he  must  run  the  risk  of 
sacrificing  his  professional  reputation.  Where  questions  of  hon- 
esty, justice,  and  square  dealing  do  not  enter,  he  must  simply 
obey;  but  he  should  be  careful  to  put  himself  properly  on  the 
record  that  it  may  be  understood  that  he  is  simply  obeying  orders 
and  doing  the  best  possible  in  the  time  and  under  the  conditions 
existing. 

10.  The  maps  generally  available  are  unreliable  and  vague,  but, 
notwithstanding,  general  directions  of  streams,  ridges,  and  low 
lands  can  be  obtained;  and  the  names  of  streams,  rivers,  gaps,  or 
low  divides,  as  well  as  the  names  of  parties  living  adjacent  to  the 
proposed  route,  are  given.  There  can  thus  be  found  the  residences 
of  people  who  are  acquainted  with  the  general  topographical  fea- 
tures, who  may  give  information  and  act  as  guides.  The  county 
or  township  maps  can  be  obtained  from  time  to  time. 

11.  The  main  objects  of  the  reoonnoissance  are  to  become  ac- 
quainted with  the  general  topographical  features,  to  determine  the 
accuracy  of  the  maps  in  regard  to  the  directions  of  roads,  streams, 
and  ridges,  and  to  make  corrections  in  these  where  maps  are  found 
to  be  defective  or  in  error,  and  to  obtain  all  useful  information. 
The  only  instruments  that  can  be  carried  or  used  will  be  the 
pocket  compass  and  the  aneroid  barometer. 

The  most  difficult  problems  are  frequently  limited  to  a  few 
points,  and  from  two  to  five  miles  on  each  side  of  these  points.  The 
general  actual  and  relative  elevations  of  these  can  be  determined 
by  the  barometers,  their  directions  from  each  other  by  the  com- 
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pass.  The  intermediate  portions  of  the  route  are  determined  by 
the  direction  of  the  lines  joining  the  important  points  on  tlie 
route,  to  be  modified  by  the  topographical  features  determined 
during  the  preliminary  survey.  There  are  frequently  several  sets 
or  series  of  important  features,  either  of  which  may  be  a  practicable 
route,  the  one  offering  advantages  of  one  kind,  and  another  those 
of  a  different  kind.  All  should  be  examined  and  that  one  selected 
which  seemingly  offers  the  greatest  number  of  advantages.  A 
preliminary  survey  may,  however,  be  necessary  to  settle  the  point 
satisfactorily,  and  herein  often  lies  the  importance  of  the  element 
of  time. 

12.  If  the  line  of  a  road  is  of  necessity  to  follow  watercourses, 
many  of  the  greatest  difficulties  of  location  disappear,  as  the  route 
is  confined  to  a  narrow  strip  on  one  or  both  sides  of  the  stream. 
In  this  case  a  reconnoissance  is  necessarily  confined  to  the  selection 
of  that  one  of  several  streams  which  offers  the  greatest  number  of 
advantages,  such  as  the  straightness  of  the  stream,  rapidity  of  fall, 
steepness  and  proximity  of  the  confining  ridges,  and  the  general 
trend  or  direction  of  the  streams;  also  the  best  tributaries  to  follow 
when  nearing  the  main  divide.  This  latter  can  better  be  deter- 
mined by  preliminary  surveys.  Frequently  there  is  no  selection  to  be 
made  so  far  as  the  main  stream  or  watercourse  is  concerned,  as  it 
will  often  be  evident  that  there  is  but  one  practicable  route. 

13.  On  a  route  of  this  kind  a  rapid  preliminary  survey  should 
be  made,  using  only  the  compass  and  chain,  in  order  that  a  map  of 
the  valley  may  be  drawn  showing  the  sinuosities,  widths,  and  depths 
of  the  stream  and  the  foot-lines  of  the  adjacent  hills  on  either  side. 
In  such  cases  preeminently  is  a  careful  and  full  topographical  survey 
necessary  from  foot-hill  to  foot-hill.  The  line  should  be  ranged 
on  the  most  available  ground  for  rapidity  of  progress.  The  levels 
should  generally  be  taken  at  the  usual  distance  of  100-foot  intervals, 
though  often  only  turning-points  need  be  taken.  Good  judgment 
should  here  be  exercised.  The  width,  depth,  and  direction  of  all  trib- 
utaries should  be  noted ;  also  the  relative  value  of  property  on  both 
sides  of  the  main  stream.  With  such  data  and  maps  it  will  not  be 
difficult  to  plot  the  proper  line  to  be  located  with  a  reasonable 
degree  of  accuracy,  including  the  amount  and  degree  of  curvature 
required.  Several  lines  thus  plotted  can  be  compared  as  to  cost 
of  construction    for    earthwork,  culverts,  trestles,  and    bridges. 
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WbeD  the  stream  ia  small  it  vUl  generally  be  good  practice  to 
cross  it  often  in  order  to  maintain  a  good  alignment;  the  ultimate 
advantages  gained  will  fally  offset  the  additional  cost  of  the  in- 
creased number  of  bridges.  If,  however,  the  stream  is  large,  wide, 
and  deep,  the  location  will  of  necessity  be  confined  to  the  one  side 
or  the  other  for  considerable  distances;  and  only  a  few  crossings 
at  long  intervals  will  be  allowable. 

The  preliminary  survey  may  be  confined  to  the  one  side,  but  the 
nature  of  the  survey  both  for  line  and  topography  should  be  the 
same  on  that  side  of  the  stream  upon  which  the  line  is  to  be  located. 
The  above  conditions  are  represented  in  the  following  sketch. 
Fig.  5.    A  straight  line  from  Ai^G,  though  the  shortest  line,  would 


have  to  cross  the  intervening  high  ground,  the  vertical  section 
or  profile  over  which  would  be  exceedingly  irregular,  as  shown  in 
Fig.  6,  cut  up  by  a  nnmber  of  ridges  and  hollows,  requiring  either 
very  steep  grades  or  an  immense  amount  of  catting  and  filling, 
possibly  tunnels  and  high  and  costly  bridges;  or  if  at  all  regular 
in  rise,  either  very  steep  gradea  or  very  costly  excavation  and  tun- 
nelling, as  shown  on  Fig.  7.     Whereas  following  the  streams  from 
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AtoB  and  B  to  C^  the  profile  Fig.  8  shows  a  less  total  elevation 
to  overcome  and  a  longer  distance  in  which  to  overcome  it,  thereby 
giving  easier  grades  and  lighter  work.  In  Fig.  5  the  line  from 
A  toB  has  a  better  alignment  by  crossing  the  stream  several  times, 
whereas  the  alignment  from  B  to  C,  remaining  on  one  side  of  the 
stream,  has  a  greater  amount  and  higher  degree  of  curvature. 

14.  In  a  cross-country  location  greater  difficulties  are  encoun- 
tered. The  more  nearly  the  streams  are  at  right  angles  to  the  line 
of  the  road,  the  more  difficult  will  it  be  to  select  a  route.  Valleys 
and  ridges  have  to  be  crossed  alternately;  the  grades  will  be  broken 
into  alternate  ascending  and  descending  grades  for  relative  short 
lengths;  or  the  amount  and  degree  of  curvature  increased,  thereby 
increasing  the  length  of  the  line.  The  only  thing  to  be  done  is  to 
run  the  line  so  as  to  pass  through  the  lowest  points  of  the  divides 
or  ridges,  and  to  cross  the  streams  where  the  banks  are  high,  there- 
by reducing  the  rises  and  the  falls.  And  even  then  a  considerable 
development  of  the  line  may  be  necessary  to  prevent  excessive  rate 
of  grades.  Such  conditions  not  only  require  good  judgment;  a 
clear  understanding  of  the  lay  of  the  ground,  but  will  usually 
necessitate  the  running  of  a  number  of  trial  lines. 

The  sketch  Fig.  9  represents  roughly,  but  not  to  scale,  a  some- 
what difficult  piece  of  location.  The  distance  from  Ato  D  was  from 
130  to  140  miles,  according  to  the  route  taken.  Both  of  the  large 
rivers  were  bordered  by  swampy  and  low  lands  for  a  considerable 
portion  of  the  distance,  and  extending  to  the  foot-hills  for  a  vary- 
ing width  on  both  sides.  Starting  at  A,  the  line  ran  northward  along 
the  large  river  formed  by  the  junction  of  the  two  rivers,  on  ground 
much  of  which  was  overflowed  in  times  of  high  water,  and  all  of  it 
low,  flat  land,  for  a  distance  of  about  60  miles,  where  it  crossed 
one  of  the  large  streams,  thence  following  a  tributary  of  considera- 
ble size,  rising  gradually  to  the  point  G  over  low  and  sometimes 
swampy  ground.  This  much  of  the  route  was  practically  located 
by  the  necessities  of  the  case.  The  total  distance  from  ^  to  ^ 
was  about  80  miles.  The  next  section,  from  O  to  Kon  one  route 
about  25  miles,  and  from  Gto  Fon  the  lower  route  about  15  miles, 
with  any  number  of  intermediate  routes  between  the  two  that 
could  be  chosen,  presented  the  greatest  uncertainty  and  difficulties. 
The  profile  along  the  first  line  ABCHD  is  shown  in  Fig.  10,  and 
that  along  the  line  ABGFD  is  shown  in  Fig.  11.     The  first  has  a 
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greater  total  differeooe  of  level  to  overcome,  bnt  a  mncli  longer 
distance  in  vfaich  to  overaome  it,  thereby  reducing  the  rate  of 
grade;  bat  owing  to  the  greater  nnmber  of  high  ridges  and  deep 
depreaeions  in  the  section  from  (7  to  if  the  cost  of  the  work  would 
be  greatl;  increased.  Along  the  line  from  0  to  F  the  grades 
would  necessarily  be  much  greater,  but  the  cost  of  the  work  would 
necessarily  be  less.  If  the  line  is  dereloped,  that  is,  lengthened, 
by  holding  to  the  hillsides,  in  order  to  descend  into  the  valley 
to  the  right  of  N,  the  line  would  loae  the  benefit  arising  from  the 


A^^^ifc-H^b^^^ 


shorter  length  and  the  cost  of  construction  would  be  considerably 
increased,  as  in  no  case  must  a  certain  maximum  rate  of  grade  be 
exceeded.  That  route  must  be  adopted  which  within  the  limit  of 
maximum  grade  and  degree  of  curvature  will  coat  the  least  in  con- 
struction. If  the  line  is  carried  too  high  upon  the  spurs  from  the  main 
ridges,  both  grades  and  cost  of  construction  will  be  increased;  and  on 
the  contrary,  although  grades  and  cost  of  construction  may  be  kejit 
in  reasonable  limits  on  the  lower  lines,  there  is  always  danger  of 
locating  a  large  portion  of  the  line  where  it  may  be  overflowed  in 
times  of  floods,  or  the  cost  of  the  work  may  be  greatly  increased  to 
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avoid  this  contingency.  The  higher  line  was  finally  adopted  in 
the  above  case.  The  remaining  distance  of  25  to  35  miles  from 
Kio  D  and  from  F  to  D  was  on  good  level  and  high  ground,  with 
no  special  choice  between  the  two  routes. 

16.  Volumes  might  be  written  and. have  been  written  on  the 
subject  of  location.  The  above  is  only  given  as  a  general  outline 
of  the  rules  and  principles  applied  in  practice. 

It  may  be  stated  that  unless  the  engineer  has  specific  instruc- 
tions to  the  contrary,  it  is  his  duty  to  select  the  best  line,  that  is, 
the  one  which  will  prove  the  least  expensive  to  maintain  and 
operate.  In  this  expense  should  also  be  included  the  interest  on 
the  first  cost.  But  often  he  is  compelled  to  seek  the  route  re- 
quiring the  least  first  cost.  As  much,  however,  of  the  best  line 
as  practicable  should  be  included  in  the  cheapest  route  Confining 
the  deviations  to  certain  portions  in  order  to  avoid  especially 
difficult  and  expensive  portions  of  the  work;  or  steeper  grades  may 
be  temporarily  adopted,  leaving  the  questions  of  improvement 
in  the  alignment  and  reduction  of  the  rate  of  grades  for  some 
subsequent  time. 

16.  Having  decided  upon  the  best  route  from  the  reconnoissance 
and  preliminary  surveys,  considered  in  reference  to  economy  in 
grades  and  curves,  cost  of  construction,  the  present  and  prospec- 
tive traffic, — all  of  which  should  be  carefully  determined  from  the 
surveys  and  from  iViformation  obtained  in  regard  to  the  agricul- 
tural products  in  kind  and  quantities,  timber,  minerals,  and  the  ad- 
vantages offered  for  building  towns,  establishing  mills,  furnaces, 
and  manufacturing  establishments  of  all  kinds, — and  the  line  to  be 
located  fairly  well  established  and  plotted  on  the  maps  of  the  prelim- 
inary surveys,  the  real  work  of  the  location  can  then  commence; 
though  as  a  rule  it  is  not  infrequent,  if  not  common,  to  find  recon- 
noissance, preliminary  surveys,  location,  construction,  track-laying, 
and  even  the  running  of  trains,  all  going  on  at  the  same  time  on 
different  portions  of  the  route:  to  which  there  can  be  no  objection, 
if  the  line  can  be  divided  into  sections  of  greater  or  less  lengths, 
each  independent  of  the  other,  and  fortunately  such  is  often  the 
case.  But  frequently  the  push  to  commence  the  running  of  trains 
leads  to  confusion,  expense,  bad  locations,  poor  general  construc- 
tion, and  the  building  of  inferior  structures,  with  largely-increased 
operating  expenses  and  large  expenditure  in  renewals  and  repairs 
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of  Btructures,  lowering  grades,  and  reducing  the  amount  and  degree 
of  curvature. 

A  locating  party  is  composed  of:  one  chief  of  party,  one  transit- 
man,  two  chainmen  (the  front  chainman  also  front  rodman),  one 
back  rodman,  one  stake-carrier,  marker  and  driver,  two  to  four 
axemen  (these  latter  can  generally  make  stakes,  and  also  carry  them 
when  the  material  for  making  them  is  only  found  at  long  inter- 
vals), one  leveller,  and  one  level-rodman.  A  good  topographical 
party,  consisting  of  one  topographer  and  one  or  two  assistants,  will 
always  pay  for  the  additional  expense,  but  from  a  penny-wise, 
pound-foolish  policy  this  party  is  often  deemed  unnecessary  and 
of  no  importance  or  valued 

If  the  preliminary  survey  has  been  made  with  great  care  and 
thoroughness  in  respect  both  to  the  alignment  and  the  topograph- 
ical work  (which  is  rarely  the  case  owing  to  the  rapidity  required, 
in  order  to  gain  information  as  to  cost,  time  to  complete  the  con- 
struction, and  the  selection  of  the  best  route)  the  topographical 
party  may  be  dispensed  with  on  location,  but  in  this  case  the  work 
must  usually  partake  both  of  the  nature  of  a  preliminary  survey  and 
final  location,  running  trial  lines  for  more  or  less  great  distances  and 
then  returning  and  locating  the  same,  as  it  will  be  usually  found 
that  the  plotted  tangents  will  not  lay  well  or  properly  on  the 
ground,  and  the  plotted  curves  will  also  have  to  be  changed  for 
the  same  reason.  Much  valuable  time  will  be  saved  by  following 
up  the  trial  lines  closely  with  accurate  topographical  work  on 
many  portions  of  the  line. 

In  general  terms  it  is  the  duty  of  the  chief  of  party  to  indicate 
to  the  transitman  the  general  direction  and  alignment ;  secure  all 
information  as  to  crops,  timber,  and  minerals  ;  ascertain  the 
present  and  prospective  value  of  these  and  the  value  of  the  lands; 
enlist  the  interest  of  the  owners;  get  promises  of  the  right  of  way, 
and,  when  the  exact  location  is  determined,  secure  the  right  either 
by  gift  or  by  purchase  at  evidently  low  prices;  determine  proper 
crossings  of  streams;  the  cost  of  culverts,  trestles,  and  bridges; 
fix  boundary  lines  and  ascertain  owners^  names  when  practicable, 
as  well  as  the  time,  extent,  and  duration  of  floods,  high  and  low 
water  marks;  to  take  such  topographical  features  as  may  be  desir- 
able and  practicable,  thereby  familiarizing  himself  with  the  general 
and  detailed  features  of  the  country.     He  arranges  for  lodging  the 
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men  at  night,  or  indicates  positions  for  the  camps.  He  should 
get  all  practicable  information  ^rom  farmers,  business  men,  wood- 
men, and  miners.  He  should  not  belieye  all  that  he  hears,  but 
confirm  the  information  by  personal  observation  when  practicable. 
He  should  especially  protect  all  rights  of  property-owners,  be 
polite  and  courteous  to  all,  and  make  as  many  friends  as  possible: 
they  will  be  needed  and  useful  in  many  ways. 

The  transitman  takes  the  bearing  of  the  lines  when  using  the 
compass  alone,  and  the  bearings  and  intersecting  angles  of  the 
tangents  or  straight  portions  of  the  line  when  using  the  transit. 
He  has  the  supervision  of  the  chainmen,  seeing  that  they  do  their 
work  carefully  and  rapidly;  locates  the  rod  in  the  proper  line; 
takes  bearing  of  roads,  streams  and  boundary  lines,  and  such  topo- 
graphical features  as  time  and  opportunity  will  permit;  directs 
the  axemen  when  clearing  out  brush  and  trees,  so  as  to  avoid  delay 
by  wild  and  unnecessary  clearing;  selects  points  in  advance  upon 
which  to  direct  the  instrument  in  running  long  straight  lines; 
indicates  proper  position  for  transit  turning-points.  An  intelligent, 
reliable  front  chainman  can  relieve  him  of  much  of  his  labor  in 
regard  to  many  of  the  above  matters. 

Both  chainmen  should  be  intelligent  men,  but  especially  so 
for  the  front  chainman ;  it  is  a  great  mistake  to  think  that  any- 
body that  can  be  picked  up  will  be  suitable  for  the  front  chain- 
man.  He  should  be  able  to  plant  his  rod  almost  exactly  in  line; 
should  see  that  the  chain  is  stretched  straight  and  horizontal; 
that  the  links  are  not  bent  or  in  kinks;  should  place  the  stakes 
with  the  number  facing  to  the  rear,  or  in  the  direction  opposite 
to  that  which  is  called  the  direction  of  the  line;  when  up  with 
the  axemen,  he  should  plant  his  rod  in  line  and,  going  forward 
in  the  forest  and  undergrowth,  he  should  keep  them  in  line.  The 
rear  chainman  should  hold  his  end  of  the  chain  exactly  at  the 
liist  stake,  calling  out  the  number  of  the  stake  to  prevent  the  front 
chainman  making  an  error.  On  open  ground  they  should  move 
rapidly.  The  front  chainman  should  select  turning-points  which 
can  readily  be  seen  from  the  instrument  and  at  the  same  time 
admit  of  ranging  a  long  stretch  of  line  in  advance.  The  rapid 
progress  of  the  survey  will  depend  to  a  great  extent  upon  his 
energy,  carefulness,  and  good  judgment. 

All  that  is  really  required  in  a  back  rodman  is  watchfulness 
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and  patience;  he  should  hold  his  rod  vertical,  and  unless  the 
movements  of  the  transitu)  an  can  be  clearly  distinguished  he 
should  stand  erect  and  hold  his  rod  vertically  and  on  the  tack  con- 
tinuously until  signalled  to  move  forward.  He  should  also  as  he 
moves  forward  see  that  no  errors  in  stake-numbering  have  been 
made. 

The  stake-maker,  whether  axeman  or  man  employed  for  the 
purpose,  should  point  the  stakes  carefully  and  blaze  the  two  sides 
near  the  top  to  a  smooth  surface.  The  station-stakes  should  be 
fifteen  to  eighteen  inches  long.  Split  stakes  are  preferred,  as  they 
will  be  lighter. 

The  stake-carrier  should  mark  the  stakes  neatly  and  clearly 
with  red  chalk;  select  the  proper  number  and  drive  the  stake  at 
the  point  indicated  by  the  front  chainman,  and  drive  it  in  a  verti- 
cal position.  He  should  also  be  provided  with  a  few  round  or 
square  hubs  one  foot  or  more  in  length,  which  should  be  driven 
for  transit  points,  the  tops  being  flush  with  the  ground,  and  when 
the  exact  point  is  given  on  the  hub  drive  a  tack  in  it.  He  then 
places  a  long  stake  in  an  inclined  position  about  two  feet  from  the 
hub  and  marks  it  with  the  station  number  if  at  an  even  station, 
such  as  Sta.  1521,  or  if  between  this  and  the  next  full  station- 
point,  Sta.  1521  +  52.2.  He  should  have  on  hand  stakes,  properly 
numbered,  in  order  to  avoid  delay. 

Though  the  work  of  the  transitman  is  important,  yet  that  of 
the  leveller  is  equally  or  more  important,  and  especial  accuracy  and 
care  are  required,  as  his  errors  cannot  be  discovered  as  readily  as 
those  of  the  transitman.  He  should  read  the  rods  to  hundredths 
or  even  to  thousandths  on  turning-points  and  bench-marks,  but  on 
the  regular  and  intermediate  stations  it  is  only  necessary  to  read 
the  rod  to  the  nearest  tenth.  Bench-marks  should  be  made  on 
trees  near  the  bottom,  generally  on  an  exposed  root.  Tliese  con- 
sist of  small  pyramidal-shaped  projections  formed  by  cutting  the 
material  from  around  it;  the  tree  should  be  blazed  above  on  tlie 
side  facing  the  line.  The  bench  marks  should  be  from  50  to  100  feet 
from  the  line.  The  level  should  be  kept  in  good  adjustment,  and 
when  practicable  the  turning-points  should  be  at  nearly  equal  dis- 
tances on  the  two  sides  of  the  instrument,  as  this,  to  a  great  ex- 
tent, will  prevent  errors  arising  from  the  imperfections  in  tlie 
adjustments.    The  readings  are  only  taken  as  a  rule  at  the  regular 
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stations;  but  they  should  also  be  taken  at  any  intermediate  high 
or  low  points,  the  banks  and  bottom  of  ditches,  small  ravines,  and 
on  the  banks  of  streams  and,  when  practicable,  in  the  centre  of  the 
streams.  The  elevation  of  high  and  low  water  marks  should  be 
taken  when  known. 

The  level-rodman  should  learn  to  hold  his  rod  in  a  vertical 
position.  He  should  call  out  at  each  station  the  number  on  the 
stake,  and  without  being  told  should  hold  his  rod  at  such  inter- 
mediate points  as  above  mentioned,  either  pacing  or  estimating 
the  distances  from  the  las€  station  and  calling  out  the  number,  such 
as  Station  125  +  30.  He  should  carry  a  hatchet  to  cut  out  brush, 
small  limbs  of  trees,  and  to  drive  the  pegs  for  turning-points;  he 
should  always  carry  with  him  a  few  such  pegs  five  to  six  inches 
long. 

The  instruments  used  and  the  organization  of  the  parties  are 
practically  the  same  on  preliminary  surveys  and  locations.  On  the 
former  either  a  compass  or  the  needle  of  the  transit  is  used,  and 
there  is  no  need  in  this  case  of  a  back  rodman. 

The  topographer  has  a  tape,  a  straight-edge  about  ten  or  twelve 
feet  long  with  a  bubble  attachment  to  keep  it  horizontal.  This 
straight-edge  is  graduated  to  feet  and  tenths.  He  also  has  a  rod 
five  to  six  feet  long,  likewise  graduated  in  the  same  way.  With 
these  he  can  determine  the  rate  of  slope  of  the  ground,  or  he  can 
use  a  clinometer  from  which  he  determines  the  slope  of  the  ground 
in  degrees  of  arc,  which  can  be  reduced  to  rise  or  fall  in  feet.  He 
should  have  a  tape  and  Locke  level.  He  runs  cross-lines,  from  the 
regular  stations  or  intermediate  points,  perpendicular  to  the  main 
line  to  such  distances  as  may  be  necessary.  On  ground  sloping  at 
a  regular  rate  across  the  line  it  is  only  necessary  to  measure  the 
slope  for  a  single  length  of  straight-edge.  But  on  irregular  and 
rolling  ground  this  must  be  extended  for  considerable  distances  on 
both  sides  of  the  line  ;  or  he  can  use  a  tape  and  Locke  level,  or 
pace  the  distances  unless  great  accuracy  is  required. 

The  instruments  then  required,  are  the  transit,  two  transit- 
rods,  one  100-foot  steel  chain,  the  level,  the  level-rod,  one  or  two 
metallic  tapes,  axes  and  hatchets,  Locke  level,  straight-edges  or 
clinometers. 

The  monthly  cost  of  suoh  a  party,  though  varying  in  different 
parts  of  the  country  with  the  demand  for  the  services  of  engineers 
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and  laborers,  is  about  as  follows:  1  chief,  $200;  1  transitman, 
#100;  I  leveller,  $75;  1  front  chainman,  $45;  1  rear  chainman, 
$30;  1  back  rodman,  $15;  1  level-rodman,  $50^  2  axemen  together, 
$60 — or  a  total  of  $575.  With  a  topographer  at  $75  and  an  as- 
sistant at  $30  the  total  will  be  $680.  Some  companies  make  an 
allowance  of  three  to  four  dollars  per  week  for  board  for  each  man; 
this  runs  the  total  to  $840,  and  without  the  topographical  party 
to  $735.  It  is  a  much  better  plan  to  supply  tents  and  camp-outfits 
and  board  the  men.  It  will  really  prove  less  expensive  on  the 
monthly  pay-rolls.  The  men  will  be  better  satisfied,  and  much 
time  can  be  put  in  useful  work  both  day  and  night  that  will  other- 
wise be  necessarily  lost. 

Although  the  above  description  of  organization  and  division 
of  duties  and  responsibilities  may  apply  more  strictly  to  prelim- 
inary surveys  when  fully  and  carefully  conducted,  the  same  re- 
marks apply  to  locating  parties;  the  main  difference  being  that 
on  location  greater  care  and  time  are  consumed  in  the  work,  and 
the  simple  angle-line  is  replaced  by  carefully-run  tangents  con- 
nected by  curves;  a  more  careful  measurement  of  the  widths  and 
depths  of  streams  and  rivers,  more  detailed  examinations  of  the 
banks  and  beds  of  rivers,  and  more  accurate  information  on  all 
matters  of  importance  obtained  and  recorded  and  the  line  is  run 
with  closer  reference  to  proper  grades  and  easy  curves  and  favor- 
able crossings  of  rivers.  The  same  general  principles  and  rules 
are,  however,  applicable. 

17.  All  notes  should  be  kept  neatly  and  intelligibly,  in  such 
a  manner  that  any  other  engineer  may  take  hold,  ui^tanding     tU* 
clearly  what  has  been  done  and  be  able  to  proceed  with  the 
work. 

The  line  run  on  the  preliminary  survey  is  shown  in  Fig.  12, 


and  Fig.  13  shows  a  located  line  based  upon  this,  also  shown 
by  the  dotted  lines  Fig.  12  with  a  better  alignment,  fewer  in 
number  and  easier  curves,  longer  tangents,  and  better  grades; 
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A,  C,  and   D  being  points  on  low  ground,  B,  E,  and  F,  points  on 
higher  ground. 

The  tangents  being  run  to  intersection  and  a  little  beyond,  the 
angle  between  one  tangent  and  the  prolongation  of  the  other,  or 
the  exterior  angle,  is  measured;  this  is  called  in  America  the  angle 

^ — Q -ra 


Pig.  18. 

of  intersection  and  is  commonly  indicated  by  the  letter  a.  In 
England  the  interior  angle  between  the  tangents,  or  its  equal 
between  the  prolongations  of  the  tangents,  is  used.  They  are  the 
supplements  of  each  other.  This  being  done,  the  transitman  pro- 
ceeds to  make  the  necessary  calculations  and  to  run  in  the  curves. 
The  following  diagram  (Pig.  14)  shows  the  necessary  relations 


P.T. 


Fig.  14. 

existing  between  angles  and  distances  to  be  considered,  and  the 
necessary  equations  expressing  these  relations.  These  are  invari- 
able and  true  for  all  circular  curves,  long  or  short,  and  under  all 
conditions,  and  should  be  clearly  understood  in  all  of  their  rela- 
tions, and  should  be  strongly  impressed  on  the  student's  mind,  as 
they  are  fundamental  and  of  the  utmost  importance.  If  the  line 
is  supposed  to  be  running  from  left  to  right,  as  indicated  by  the 
numbers  on  the  stakes  which  are  supposed  to  be  placed  at  intervals 
of  100  feet,  the  point  of  intersection  is  determined  by  running 
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the  two  tangents  to  intersection  at  Gy  which  is  determined  by 
running  these  lines  a  little  beyond  the  point  O  and  driving  two 
hubs  on  each  tangent  in  such  positions  that  the  point  will  be 
between  the  two.  Tacks  being  driven  in  each  hub,  strings  are 
stretched  between  the  tacks,  a  hub  driven  under  the  intersec- 
tion, and  a  tack  driven  accurately  at  tbe  point  of  intersection. 
Then  the  angle  a  is  measured  with  the  transit.  Take  the  por- 
tion A  OH  of  the  line  Pig.  13  and  make  the  construction  as  shown 
in  Fig.  14,  but  on  a  different  and  larger  scale.  We  can  readily 
understand  and  express  these  relations.  A  0  and  GH  are  the  tan- 
gents; or,  the  angle  of  intersection;  Ox  =  Oy  is  the  tangent  length 
for  any  particular  curve;  the  tangent  point  x  is  the  beginning  of 
the  curve,  called  the  P.O.,  and  the  point  y  is  the  end  of  the  curve, 
called  the  P.  T.;  xC  =^  yCia  the  radius;  zv  is  the  versine;  Gz,  the 
distance  from  the  curve  measured  on  the  prolongation  of  the  radius 
Cz  to  the  point  of  intersection  of  the  tangents;  the  whole  angle 
at  the  centre  G,  xCy,  =  a;  OCy  =  OCx  =  ^a;  xzy  —  length  of 
curve  measured  on  the  inscribed  polygon;  xy  =  length  of  chord. 
From  the  right-angled  triangle  GyC  we  have 

Gy  =  yC  tang  ^ar,    or     T  =  R  tang  ia.  ...     (1) 

Any  two  of  these  quantities  being  known,  the  third  caA  be  found. 
Usually  a  is  measured  on  the  ground,  and  R  is  assumed,  or  calcu- 
lated from  the  assumed  degree  of  curvature,  which  has  a  specific 
meaning  in  engineering.  A  1°  curve  is  defined  as  one  in  which  an 
angle  of  1°  at  the  centre  is  subtended  by  a  chord  of  100  feet  on  the 
circumference.  As  there  are  360°  of  arc,  the  length  of  the  full  cir- 
cumference of  a  1"  curve  is  36,000  feet;  hence  2nr  =  36,000,  from 
which  we  find  that  the  radius  of  a  1°  curve  r  =  5729.57  feet,  com- 
monly taken  at  5730  feet.  A  2°  curve  is  one  in  which  100  feet 
of  chord  subtend  2°  of  arc;  hence  the  radius  of  a  2°  curve  is 

-^  =  2865  feet;  and  so  on.    Then  from  equation  (1)  T  can  be 

found;  or  if  7 is  assumed,  R  can  be  found. 
The  length  of  the  chord  xy 

=  Rx2sinia (2) 
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The  length  of  the  centre  ordinate  vz 

=  i?  —  i?  cos  i« (3) 

The  length  of  the  curve  xzy  =  100  feet  X  number  of  degrees  in 
the  angle  a  for  a  1°  curve,  100  feet  x  one  half  the  number  of 
degrees  in  the  angle  a  for  a  2°  curve,  and  100  feet  X  one  third  the 
number  of  degrees  in  the  angle  a  for  a  3°  curve,  and  so  on;  and  in 
general  the  length  of  the  curve  =  100  feet  X  number  of  degrees 
in  or  -r-  the  degree  of  curve (4) 

From  the  triangle  Ovx, 

Gv  =  y/T^-lcv-  y  X  sin  ia (5) 

and 

Oz=^  Ov  —  zv (6) 

Any  other  ordinate  of  the  curve,  or  in  fact  any  ordinate  between 
the  chord  and  the  curve,  can  be  found  exactly,  but  the  operation 
is  tedious.  They  can  be  found,  however,  with  a  sufficient  degree  of 
accuracy  for  any  purpose  by  the  following  rule:  Any  ordinate  is 
equal  to  the  product  of  the  segments  of  the  chord  divided  by  twice 
the  radius;  viz., 

the  ordinate  or' =  ^11^^;.    ....    (7) 

centre  ordinate  zv  =  —   p  ■ (8) 

These  equations  will  enable  us  to  determine  the  lengths  and 
magnitude  of  the  quantities  connected  with  the  location  of 
simple  curves.  It  is,  however,  convenient  sometimes  to  locate 
curves  by  offsets  from  the  tangents  and  chords.  The  following 
diagrams  (Figs.  15  and  16)  will  serve  to  illustrate  these  methods, 
which  are   mainly  applicable  to  short  curves  and  where  a  great 
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degree  of  accuracy  is  not  required;  but  with  care  any  degree  of 
accuracy  may  be  attained. 


Fig.  15. 


Fig.  16. 


In  Pig.  15  points  v,  v',  etc.,  on  the  curve  are  determined  by 
laying  off  perpendicularly  to  the  tangents  the  calculated  offsets  ov, 
o'v'y  etc.     The  construction  readily  gives  the  following  proportions : 


BA  :  vA  ::  vA:  Az,    .'.  Ax  =  vo  = 


vA^  __  P» 
BA  "■  2B' 


and  similarly. 


BAiv'Aiiv'AiAx^    •••  ^^' =  ^'^' =  ^' =  S>    •     (9) 


and  the  distances  from  the  tangent  point  A  to  offset  point  on  the 
tangent 


Ao  =  vx  =  Ov  sin  vOA  =  B  sin  v(7-4,' 


and  for 


.    .    .    .  (10) 


Ao^  =  vV  =  B  sin  v'CA. 


Where  chords  and  subtended  angles  are  equal  the  calculations 
are  amplified,  though  the  principles  remain  the  same.  That  is, 
chord  vA  =  chord  tw'  =  C  =  25,  50,  or  100  feet. 

In  Fig.  16  the  first  offset  is  a  tangent  offset  and  is  found  from 
equation  (9),  and  vA  and  w'  are  equal.    It  is  seen  that  vo  =  iv'o^; 


26  LAYING  OUT  CUBVB8. 


hence  for  same  chord  or  length  of  arc  the  offset  from  a  chord  pro- 
duced is  equal  to  twice  the  tangent  offset  for  same  length  of  arc. 
The  triangle  o'vr'  is  similar  to  the  triangle  vCv%  since  the  angle 
vGv'  =  180  —  {Cw'  +  Wv),  Cv'v  =  AvC^  by  construction;  hence 
vCv'  =  180  —  \Cvv'  +  AvC)  =  o'vv\  Both  of  the  triangles  o'vv' 
and  vGv'  being  isosceles  and  having  one  angle  equal,  the  remaining 
angles  will  also  be  equal;  hence  the  homologous  sides  are  propor- 
tional : 

tn/*      (7* 
vC:  vv' ::  w' :  o'v';    .'.0'!;'  =  —^=-^.  •    •    •     (11) 

Draw  vh  perpendicular  to  o'v\  bisecting  the  angle  o'vv'.  Then 
the  right-angled  triangle  o'vh  and  oAv  will  be  equals  since  vA  =  vo', 
and  the  angle  o'vh  =  oAv;  hence 

C* 
ov  =  |o'v'  =  Kni  BMae  as  equation  (9).    .    .    .    (12) 


It  may  happen  that  vA  is  shorter  than  vv';  in  that  case  O  in 
equation  (11)  is  not  equal  to  Cin  equation  (12).  The  proper  values 
must  be  substituted  and  the  results  used  whatever  their  relative 
values  may  be.  First  lay  off  oA,  and  from  o  the  ordinate  ov, 
then  prolong  Av  to  o',  and  laying  off  the  offset  o'v',  the  points  v 
and  v'  on  the  curve  will  be  located.  Usually  the  remaining  offsets^ 
except  the  last  one,  will  be  equal. 


ART.  III. 

LOCATION  OF  SIMPLE,   COMPOUND,   AND  REVERSED  CURVES. 

18.  To  locate  simple  curves  we  can  use  either  the  transit  and 
chain  or  tape,  or  the  chain  and  tape  alone. 

First,  to  locate  a  circular  curve  between  two  tangents  by  the 
usual  method  of  deflections,  by  means  of  the  transit  and  chain. 
Referring  to  Fig.  17,  we  will  assume  that  it  is  desired  to  run  in  a 
2°  32'  curve.    As  the  radius  of  a  1°  curve  is  5729.57  feet,  and 
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2°  32'=  2if^  =  2.533%  the  radius   of  the  curve  desired  is  = 

572Q  »>7 

4~^  =  2261.97  =  2262.0  feet,  nearly. 

Having  measured  the  angle  of  intersection  a  =  35^  30',  we  find 
T-Rx  tang  \a  =  2262.0  X  0.3201  =  724.07  feet. 

Since  the  point  of  intersection  0  is  at  station  58  +  70,  and  the 
length  of  the  tangent  is  7.24  stations  (of  100  ft.  each)  long,  the 
P.  C.  of  the  curve  will  be  at  station  58.70  -  7.24  =  51+46,  and 
station  58.70  +  7.24  =  65.94  will  be  the  P.  T.  of  the  curve.  Mark- 
ing these  points  with  a  tack  driven  in  a  hub  at  M  and  N  respec- 
tively, the  instrument  is  then  set  up  over  the  point  M,  As  the 
instrnment  is  placed  on  the  circumference,  the  angle  between  the 
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.T.  Sta.  65-4-47.S 


Fig.  17. 

line  of  sight  and  the  tangent  will  only  be  equal  to  one  half  the 
angle  subtended  at  the  centre  by  the  same  arc  or  chord.  Therefore 
the  angle  to  be  deflected  for  any  given  length  of  chord  is  only  one 
half  of  that  indicated  by  the  degree  of  curvature  for  the  same 
distance  on  the  chord  or  arc.  As  the  degree  of  curve  is  2°  32', 
for  each  100  ft.  the  deflection  would  be  1°  16';  and  since  the  P.  C. 
is  at  station  51  +  46,  station  52  on  the  curve  is  54  ft.  from  the  P.  C. 
Then  to  find  the  deflection  for  54  ft.  we  have  100  :  54  : :  1°  16'  :  x,  the 
required  deflection;  we  find  x  =  41.04'  of  arc.  Having  sighted  the 
instrument  along  the  tangent  from  M  towards  0,  with  the  vernier 
reading  zero  of  arc,  then  deflecting  an  angle  of  41.04'  to  the  right, 
the  line  of  sight  will  intersect  the  curve  at  a  point  54  ft.  from  My 
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the  P.  C.  The  rear  chainman  holding  one  end  of  the  chain  at  M, 
the  front  chainman  holds  the  rod  at  the  54-foot  link^  and  moying 
until  the  rod  is  in  the  line  of  sight,  a  stake  driven  at  the  point  of 
the  rod  marks  the  first  full  station  on  the  curve;  then  deflecting 
1°  16'  more^  the  rear  chainman  goes  to  the  point  first  marked,  and 
the  front  chainman,  holding  the  rod  at  the  other  end  of  the  chain 
when  straight  and  taut,  moves  until  the  rod  is  again  in  line,  and 
has  another  stake  driven,  and  so  on,  repeating  the  same  operation, 
which  is  continued  until  the  line  of  sight  is  obstructed.  When, 
however,  four  or  five  hundred  feet  have  been  run,  it  will  conduce  to 
the  accuracy  of  the  work  to  place  a  tack-point  on  the  line  and  move 
the  instrument  to  this  point.  The  ordinary  transits  being  grad- 
uated to  read  only  to  minutes  and  by  estimation  to  half  or  at 
best  quarter  minutes,  rapidly-increasing  errors  in  the  position 
of  the  points  will  accrue  as  the  distance  from  the  instrument  in- 
creases. Having  moved  the  instrument  to  the  turning-point,  it  is 
only  necessary  to  sight  back  to  the  P.  C.  having  first  adjusted  the 
vernier  to  the  zero  of  the  limb,  then  turning  off  an  angle  equal  to 
the  sum  of  the  deflections  up  to  this  point,  the  line  of  sight  will 
be  in  the  direction  of  the  new  tangents;  or  what  is  still  better,  after 
having  fixed  the  point  on  the  curve  let  the  rodman  move  forward, 
and,  the  transitman  place  him  in  the  prolongation  of  the  first  line  of 
sight,  it  will  not  be  then  necessary  to  sight  backwards  after  mov- 
ing the  instrument,  turning  off  the  proper  angle,  and  reversing  the 
telescope,  as  in  the  second  case  the  telescope  will  be  pointing  in 
the  right  direction  along  the  new  tangent  after  turning  off  an  angle 
equal  to  the  sum  of  the  deflections.  In  whatever  manner  the 
direction  of  the  new  tangent  is  determined;  points  on  the  curve 
beyond  are  located  from  it  precisely  as  from  the  original  tangent, 
and  continued  to  a  new  turning-point  or  to  the  end  of  the  curve. 
It  matters  not  how  many  intermediate  points  are  taken ;  and  if  at 
the  last  point  the  vernier  is  so  adjusted  that  when  turning  off  the 
proper  angle  to  sight  along  the  new  tangent,  the  reading  of  the 
vernier  shall  be  the  sum  of  all  of  the  deflections  from  the  begin- 
ning to  that  point,  the  ending  point  or  P.  T.  of  the  curve  will  be 
indicated  by  the  reading  of  the  vernier  being  made  equal  to  one  half 
of  the  intersecting  angle  a,  in  this  case  17°  45'.  Taking  the  first 
turning-point  at  500  feet  from  M,  or  better  at  station  56,  which 
would  be  454  feet  from  M,  the  sum  of  the  deflections  to  that  point 


IMATION   OF  SIMPLE,  COMPOUND,  AND   REVERSED  CURVES.      29 


Form  of  Notes. 


P.T. 


Station. 

Difitaaoas. 

Deflection 

Reading. 

71 

70 

9 

8 

7 

6 

65  +  47. 

5.     47.6 

0°86' 

17' 46' 

5 

100 

1M6' 

17' Oy 

4 

IS''  58' 

8 

14**  87' 

2 

13'  21' 

1 

12°  05' 

eo 

10"  49' 

9 

9^33' 

8 

8"  17' 

7 

7"  01' 

©6 

4  d 

5M5' 

5 

4°  29' 

4 

3M3' 

3 

100' 

r  16* 

r  57' 

2 

54 

0"  41.04' 

51+46 

P.  C.  0 

Remarks. 


a 
P 

a 

8.  74"  15'  E. 

Curve  2^  32'  Rt.    B  =  2262'. 
Angle  intersection,  35''  80'. 
Length  of  curve,  1401.5'. 
**  tangent,  72407. 


N.  70"  16' E.,  tangent. 


would  be  5°  45';  and  at  this  point  making  the  reading  zero,  sight- 
ing along  the  prolongation  of  the  last  chord,  and  turning  off  5°  45', 
the  line  of  sight  will  be  on  the  tangent  at  that  point;  and  if  the 
next  transit  point  is  500  feet  farther,  or  at  station  61,  the  new  de- 
flections would  sum  up  6""  20'  and  the  reading  on  the  instrument 
would  be  12°  05'.  Then  moving  up  to  this  point,  if  it  is  convenient 
sight  back  to  the  P.  G.  after  adjusting  the  reading  to  zero,  and 
turn  12^05'  to  get  on  the  new  tangent;  or  sighting  to  the  last 
transit-point  or  on  the  prolongation  of  the  chord  between  the  two 
last  transit-points,  the  instrument,  instead  of  being  adjusted  to  zero, 
should  read  5°  45';  then  turning  off  6°  20',  the  line  of  sight  will 
be  on  the  tangent  to  the  curve  at  the  second  transit-point,  t^ ,  the 
first  being  marked  t.  From  t^  the  deflections  and  measurements 
may  be  continued  to  the  end  of  the  curve,  the  final  readinp^ 
being  17°  45',  when  the  P.  T.  is  reached.  But  to  locate  this  point 
the  closing  distance  must  be  known,  and  consequently  the  length 
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35.5 

of  the  curve,  as  indicated  in  equation  (4),  =  100  X  »o  ^^, ' 

^  ^  '  2    32'  curve 

=  1401.50  feet. 

And  as  the  transit-point  was  at  station  61  and  954  from  the  P. 
C,  the  distance  from  it,  i.e.,  t^  to  the  P.  T.,  is  1401.50  -  954  =  447.50 
to  theei^d  of  the  curve,  which  will  then  be  station  65  +  47.5,  or  the 
last  deflection  will  be  for  47.5  feet.  When  the  rod  is  held  at  this 
link  of  the  chain  and  swung  around  in  the  line  of  sight,  the  instru- 
ment reading  17"^  45',  the  rod  should  be  at  the  P.  T.  marked  N  in 
Fig.  17.  The  other  equations  as  a  rule  need  not  be  solved.  It  may 
sometimes  be  well  to  determine  the  distance  Oz,  if  it  is  likely  that 
the  curve  might  lie  on  unfavorable  ground,  such  as  reaching  out 
into  a  stream,  a  steep  precipice,  or  any  obstacle  that  ought  to  be 
avoided. 

From  equation  (3), 

vz  =:  R  —  R  cos  Jar,    and     Oz  =  Gv  —  zv, 

in  which  Ov  ==  T'  X  sin  i«  =  v  T*  —  mv.  Substituting  values,  we 
find  Ov  =  220.74  feet,  vz  =  107.67  feet;  consequently  Gz  =  113.07 
feet.  -We  can  then  determine  approximately  whether  the  curve 
will  be  on  good  ground  by  measuhng  the  centre  ordinate  vz  from 
the  chord,  or  the  distance  Gz  from  the  point  of  intersection  of  the 
tangents.  If  not,  the  degree  of  the  curve  can  be  changed  to 
suit. 

From  equation  (2)  the  length  of  the  chord  is 

mN  =  Rx28mia  =  1379.18  feet, 

and  from  equation  (8)  the  centre  ordinate,  Fig.  17,  is 

7nv  X  Nv       689.59  X  689.59       ^^,  ,.  ^    ^ 
^^  =  -2^-  =  —2^2262-  =  ^^^'^  ^''^' 

from  which  it  is  seen  by  the  approximate  rule  that  the  error  in 
centre  ordinate  is  only  107.67  —  105.1  =  2.57  feet,  for  a  very  Ions: 
chord,  and  for  chords  not  over  100  to  200  feet  in  length  there  will 
be  practically  no  error.  It  will  seldom  be  necessary  to  find  the 
ordinates  for  any  but  short  chords,  no  matter  how  sharp  or  how 
long  the  curve  may  be. 
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From  equation  (7)  any  other  ordinate  may  be  found :  for  either 
quarter  point  the  segments  would  be  344.79  and  1034.39^  and  the 
ordinate 

mv,  X  JVv,       344.79  X  1034.39       ^o  o  *    . 
z.v,  =  z^v^  =       '27?         =         2  X  2262         =  ^^'^  ^^^^' 

and  similarly  for  any  other  ordinate. 

It  is  to  be  noted  that  the  station  numbers  are  carried  on  around 
the  angle  of  intersection :  this  is  only  for  convenience  of  measuring 
the  length  of  the  tangent  and  locating  the  P.  G.  and  the  P.  T.  The 
proper  station  number  for  the  P.  T.  is  65  +  47.5. 

It  is  often  the  case  in  locating  curves  that  it  is  not  necessary  to 
run  tangents  to  intersection  at  all.  The  tangent  is  simply  run  to 
the  P.  C.  and  prolonged  forward  a  short  distance,  then  either  a  pre- 
determined degree  of  curve  is  run  from  the  P.  C,  or  by  a  few  trial 
deflections  a  degree  of  curve  is  found  that  will  fit  the  ground ;  this 
is  then  simply  run  to  some  point  from  which  a  suitable  tangent 
can  be  ranged.  The  instrument  is  then  set  up  at  this  point,  the 
P.  T.,  a  sight  taken  back  to  the  last  turning-point  or  along  the 
prolongation  of  this  chord,  and  turning  off  an  angle  equal  to  the 
sum  of  the  deflections  between  the  two  points,  the  line  of  sight 
will  be  along  the  forward  tangent  which  is  run  to  the  next  P.  C. 
To  determine  the  degree  of  curve  from  deflections,  it  is  only  neces- 
sary to  remember  that  if  the  deflection  is  30  minutes  for  a  distance 
of  100  feet,  the  curve  will  be  a  1°  curve;  if  1°  deflection  for  100 
feet,  the  curve  is  a  2°  curve;  and  if  in  a  distance  of  400  feet  the 
deflection  is  3°  30',  the  deflection  for  100  feet  will  be  52^  minutes 
of  arc,  and  52^'  X  2  =  105'  =  r  45'  curve. 

19.  It  is  often  convenient  to  compound  a  curve,  that  is,  to  run  a 
curve  for  a  certain  distance  as  a  1°,  2°,  2°  30'  curve,  then  to  change 
to  a  30'  or  V  30',  2^  30'  or  a  2^^  15'  or  2"  45'  curve.  Having  run  the 
curve  to  the  proper  point,  called  the  point  of  compound  curve,  the 
P.  C.  C,  the  instrument  is  moved  to  this  point,  the  direction  of 
the  tangent  determined  as  in  simple  curves,  and  the  curve  com- 
pleted with  the  proper  deflections  for  the  new  degree  of  curve. 
Pig.  18  represents  this  condition.  All  of  the  relations  and  equa- 
tions previously  found  apply  to  each  of  the  curves  considered 
separately,  and  if  run  without  limitations  as  to  the  relative  positions 
of  the  principal  tangents  A  G  and  GH,  the  curves  would  be  run  as 
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just  explained^  and  the  direction  of  the  final  tangent  GH  deter- 
mined as  already  explained.  If,  however^  the  two  tangents  have 
been  run  to  intersection  at  0  and  the  angle  a  measured,  then 
there  will  exist  certain  interdependent  relations  between  the 
lengths  and  the  degree  of  carves.  One  or  two  of  the  simpler  rela- 
tions will  be  discussed.  Whether  passing  from  one  main  tangent 
to  another  by  a  simple  or  a  compound  curve,  the  sum  of  the  deflec- 
tions will  be  the  same  and  equal  to  a.  The  following  problems  are 
easily  solved. 


Let  AG  =  T;  GH  =  Tx;  ndius  AC  =  B;  HO,  =  E,;  a  =  GAE  +  GHA 

=  Gxy  +  ^*  =  (Xi  +  (Xi',  Ax  =  zz\  By  =  yz. 


1st.  Given:  the  tangents  AO  and  OHy  the  degree  of  the  curve 
from  A  to  z,  with  the  shorter  radius  R  in  consequence,  and  also  the 
angle  of  intersection  at  6r  =  tr,  to  find  or,  and  a^ ,  and  the  radius 
B^  y  and  degree  of  curve  for  the  flatter  curve  zH, 
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In  the  triangle  AGH  we  have  the  sides  AO  and  GH,  and  the 
aagle  AGH=  6^  =  180  -  a;  a  =  GAH-\-  GHA  =  0  +  0'.    Hence 

T,+  T:  r,  -  r  ::  tang  i(0  +  0')  :  tang  J(0  -  0'),    (13) 
from  which  0  and  0'  can  be  found.     Then,  in  the  same  triangle, 

sin  <f> :  Bin  d::GH:  AH;    .\  AH=GH^^.    .     (14) 

sm  0  ^     ' 

If  then  the  cnrYe  from  ^  to  ;2;  be  extended  to  s,  a  point  at  which 
GAs  =  i(a^  +  or,)  =  |a  =  GsA,  then  s  will  be  a  tangent  point  for 
a  line  G^s  parallel  to  the  tangent  GH,  since 

0  +  0'  =  a  =  G,As  +  G,sA  =  GG,8. 

Hence,  since  AG  and  AG^  coincide,  GH B.Jid  G^s  must  be  parallel; 
consequently  the  lines  ^Cand  HC^,  being  radii  and  perpendicular 
to  parallel  tangents  G,^  and  GH,  must  themselves  be  parallel.  And 
since  z,  the  P.  C.  C,  is  a  point  common  to  both  branches  of  the 
curve,  the  two  triangles  zCs  and  zC^H,  being  isosceles  since  zC  =  sC 
and  zO^  =  HC^  and  the  angles  at  Cand  C,  equal  by  construction, 
must  have  their  bases  zs  and  zH  parallel,  and  having  one  point  z  in 
common,  they  must  coincide;  therefore  the  tangent  point  s  must  be 
found  on  the  chord  of  one  branch  of  the  compound  curve.  Then  in 
the  triangle  sAH  we  have,  from  equations  (13)  and  (14),  the  line  AH, 
and  from  equation  (13)  0  and  0';  consequently  sAH  —  0  —  GAs 
=  0  —  \a.  The  line  As  being  the  chord  of  the  simple  curve  Azs 
with  radius  i?,  we  have  -4«  =  i?  x  2  sin  ^a.  Having  two  sides 
and  the  included  angle  in  sAHy  by  applying  similar  equations  to 
(13)  and  (14)  we  can  find  the  angles  AsH  and  sHA  and  the  side 
sU,  The  chord  a;^  =  JB  X  2  sin  Jo',,  and  the  chord  zH  = 
i?,  X  2  sin  \a^  ;  zH  •=-  zs  +  sH,.  Substituting  in  this  last  equa- 
tion the  values  of  zs  and  zH^  we  have 

iJ,  X  2  sin  lor,  =  i?  X  2  sin  \a^  +  sH,     .     .     .     (15) 

Hence 

sH 
Jt  =  R  '\-  -—, — - — .     .         ...    (16) 

'  2  sm  \a^  ^     ^ 
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R  is  known,  sH  has  been  found  as  explained  above,  and 

a,  =  2zH0  =  2  X  (0'  -  sHA),     ....     (17) 
and 

ot,  =  a-a^ (18) 

Then  by  the  equations  t  =  B  tang  i^r, ,  and  /,  =  jB,  tang  iar, ,  the 
length  of  tangents  Ax  ==  xz  =  t  and  zy  =  yH  =  /,  can  be  found, 
also  the  lengths  of  the  two  curves  from  ^  to  2;  and  from  z  to  H. 

20.  The  following  is  an  example  under  one  set  of  conditions: 

Given  AG  =  2"- 450  feet;  0H=  T,  =  515  feet;  a  =  16**  00'. 

Degree  of  curve  from  A  to  «,  1°48';  then  radius  R  =  3183. 

Applying  equation  (13)  to  the  triangle  AOH, 

T,  +  T :  T,  -  r ::  tan  i(0  +  0')  :  tang  i(0  -  0'); 
965:65  ::  tang  7°  30'        :    "        "        "     ; 

from  which,  either  using  table  of  natural  tangents  or  applying 
logarithms, 

i(0  -  0')  =  0°  30'  29",    i(0  +  0')  =7°  30'; 
hence 
0  =  8°  00' 29"    and     0' =  6°  59' 31";     0  +  0' =  o' =15^  00'. 

Then,  from  equation  (14), 

AH  =  GH'y^^^  =  515.    1°^;°  =  956.78  feet; 

sm  0  sm  8    00  29 

^5  =  ^  X  2  sin  ia  =  3183  X  2  sin  T  30'  =  830.93  feet. 

Then,  in  the  triangle  8 AH,  angle  rAH  =  0  -  ^a  =  0°  30'  29"; 
the  sum  of  the  angles  A8H+  sHA  =  180°  -  30'  29"  =  179°  29'  31"; 
AH  and  As  already  found.     Then 

AH+As  :  AH"  As  ::  tang  U^sH+sHA)  :  tang  iiAsH-sHA); 
1787.71 :  125.85       ::  tang  89°  44'  45' 


.//  ,        i<  t<         (S  (( 


.'.  \{A8H  -  AHs)  =  86°  22'  28° ;     AsH  =  176°  7'  13" ;     and 
AHa  =  3°  22'  17".     Then,  in  the  same  triangle, 

„        .  8in0°  30' 29"       ,„«•.•>*    * 
'"  =  ^VinT°-22'-l7-»  =  ^^^-^^  *^*- 


LOCATION   OP  SIMPLE,  COMPOUND,  AND  KEVBRSED  CURVES.      35 


The  centre  angle  of  the  curve  zsH 
=  £r,  =  2(0'  -  8HA)  =  2(6°  59'  31"  -  3°  22'  17") =7^  14'  28"  =  a,. 

The  centre  angle  of  the  curve  Az 

=  a,  =  a  -  a,  =  7°  45'  32". 
From  equation  (16)  the  radius  of  the  curve  zsH 

=  ^>  =  ^  +  2lEl^.' 

B,  =  3183  +  o   '    rToiVfoo/f  =  4175.33  feet,  and  the  degree  of 
*  2  sin  7    14'  28"  ® 

*^*  ^""^^  =  4175:33  =  ^  ^^- 

7°  45it' 
The  length  of  the  curve  from  ^  to  z  =  100,  o  ^Z  =  431.02  feet; 

1    4o 

7° 14*' 
«    "      "         "     ;?  to  ^=100^r-o^  =  529.88 feet; 

and  the  total  length  on  the  curves  from  Ato  H=  960.90  feet. 

The  tangents  Ax  =  xz  and  zy  =  yH  can  now  he  found  by  apply- 
ing equation  (1).  The  chords  Az  and  zH  can  be  found  from  equa- 
tion (2). 

In  the  above  example  the  length  of  the  tangents  and  the  position 
of  the  tangent  points  were  fixed,  and  the  position  of  the  P.  C.  C. 
had  to  be  found.  In  the  following  example  the  position  of  one 
tangent  point  and  length  of  one  tangent  is  fixed,  and  it  will  be 
required  to  find  the  length  of  the  second  tangent  and  the  point  of 
tangency. 

Given  the  length  of  the  tangent  AG,  the  angle  a,  the  angle 
a^ ,  and  the  radius  R.  Required  to  find  the  radius  of  the  second 
curve  zsH  and  the  length  of  the  tangent  GH. 

Referring  to  Pig.  18,  from  the  data  given  we  can  find  at  once 
the  length  of  the  tangent  Ax  =  xz,  the  length  of  the  chord  Az,  and 
the  length  of  the  curve  Az, 

Ax  =  xz  =  t  =  li  tang  ia^ ;     Az  (the  chord)  =  2^  sin  ^ar, ; 

the  length  of  the  curve  Az  =  100, ^'      -    - .    .     (19) 

°  degree  of  curve  ' 
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Then,  in  the  triangle  Oxy,  Ox  =  AO  —  Ax;  a^  \a  known  and  or, 
=  a  —  a^;  hence  all  of  the  angles  and  one  side  are  known,  and  we 
can  find  Gy  and  xy.     The  length  of  the  tangent  line 

zy  =  yH  =  t^  =  xy  —  xz    and     OH  =  Oy  +  yH.    .    .    .     (20) 

From  equation  (20)  we  fix  the  point  of  tangency  II  and  the 
length  of  the  tangent  yH  =  t^.     Then 

Ii,  =  t,cotia^ (21) 

Length  of  chord  2;^=  2ii!,  sin  ia,;  ....       ) 

Length  of  curve  zH  =  100  ft.^ % .     .  *     \  ^^^^ 

°  degree  of  curve  ; 

Given    0A=  T=  1091.12  ft.;    a  =  74°;     R  =  955.37;    a^  = 
42°  54' ;  a,  =  74°  -  42°  54'  =  31°  06'. 
Then  from  equation  (19), 

Ax  =  xz  =  t  =  R  tang  ia^  =  375.66  feet; 
Ox==AO-  Ax  =  1091.12  -  375.66  =  715.46  feet. 

Then,  in  the  triangle  Oxy, 

.  > 

xy  =  Ox^^^  =  1331.5  feet     and    .  Oy  =  Ox^-^-^  =  942.9  feet; 
^  sin  a,  ^  sm  a^  * 

t^—yH—zy  —  xy  —  xz  —  1331.5  -  375.66  =  955.84  feet, 

which  is  the  length  of  the  tangent  for  the  second  curve. 

Then  the  length  of  the  main  tangent  OH  =  Oy  +  yH  =  942.9 
+  956.84  =1898.74  feet;  yH=i,z=  R^  tan  ia^; 

.-.  R,  =  t,  cot  ia^  =  955.84  X  cot  15°  33'  =  3435.00  feet. 

Length  of  chord  Az  =  2R  sin  ia^  =    698.74  feet; 
"      «     2;fi^=2jB,  sin  i«,  =  1841.71  feet; 

42°  54' 
Length  of  curve  ^ij  =  100  ft.-^^^:^^^    =    715.00  feet; 

"      «     zH  =  100  tt^^4^    =  1866.00  feet. 

1    4U 

5729  57 
The  degree  of  the  first  curve  is  —     '      =  5°  59'  50",  or  practi- 
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cally  a  6°  curve;  and  of  the  second  curve, 


5729.57 
3435 


=  1^  40'  10", 


nearly  a  V  40'  curve. 

This  last  example  is  applied  when  a  simple  curve,  if  run  all  the 
distance  between  the  tangents,  would  rest  partly  on  good  ground 
and  partly  on  bad  ground,  in  which  case  a  6°  curve  would  be  run 
to  a  certain  point  resting  on  good  ground;  then  by  changing  to  a 
1°  40'  curve  the  line  would  be  well  adapted  to  the  ground. 

The  following  is  a  useful  application  of  compound  curves  (see 
Fig.  19): 


NN.S 


/ 


/ 


^ 
/^ 


I 

Fig.  19. 


21.  Having  run  any  two  curves,  such  as  AEBy  a  4°  curve,  and 
CFH^y  a  6°  curve,  which  are  connected  by  a  straight  tangent  BOy 
required  to  find  the  points  E  and  F  of  tangency  for  any  curve,  say 
1°  curve,  thereby  connecting  the  curves  by  an  easy  curve  instead  of 
the  straight  tangent. 

Given, then,  AEB,  a  4°  curve,  and  CFH,,  a  6°  curve,  BC^  774.0 
feet,  to  find  the  distances  BE  and  CF  in  order  to  locate  the 
P.  0.  C.'s  E  and  F.  We  have  by  construction  KO  =  BG-  BK  = 
BG  —  CH  =  B  -  a,  =^  1432.5  ~  955  =  477.5  feet.  Prom  the 
triangle  KGH, 

KH=KGX  tang  KGff;    /.  tang  KGH  =  S^=  4^  =  162094 ; 
hence 


S:&H=  58"  20',    and     GH  = 


KH_ 
Bin  KGH 


=  909.4  feet. 
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Since  ^/and  /JPare  the  radii  of  the  substitute  curve,  which  is 
a  1°  curve  in  this  case,  they  are  always  known,  and  in  this  case 
equal  to  5730  feet;  hence 

GI-  5730  -  1432.5  =  4297.5  feet; 
IH  =  5730  -  955       =  4775     feet; 
GH  =  909.4  feet. 

All  three  sides  in  the  triangle  GHI  are  known,  consequently  the 
angles  can  be  found.    Applying  the  proper  formulas,  we  find 

GIH=  a  =  r  48';  (?57=:  s  =  53°  20'; 

and  ^6^7=116°  52'; 

EGH  =  GIH  +  GHI=  «  +  «  =  63°  08'. 

Then 

EGB  =  EGH"  KGH  =  63.08  -  58.20  =  4°  48', 

4  8 
and  the  length  of  arc  BE  for  a  4°  curve  =  100  ft.-^  =  120  feet. 

4 

And  similarly 

CHF=^  OHF-  OHO  =  «  -  EGB  =  9°  48'  -  4°  48'  =  5°  00', 

and  the  length  of  the  arc  CF  for  a  6°  =  lOOf  ft.  =  83.3  feet.  The 
points  of  tangency  E  and  F  being  found,  the  simple  curve  EmF 
can  be  run  in.  By  similar  application  of  the  above  principle,  the 
joining  of  a  curve  and  a  straight  line  can  be  effected  by  flattening 
the  curve  for  a  short  distance  from  the  P.  C.  and  P.  T.,  rendering 
an  easier  and  more  gradual  change  from  a  straight  line  to  a  sharp 
curve. 

The  preceding  examples  are  selected  as  well  representing  the  prin- 
ciples involved  in  compound  curves.  There  may  be  and  are  simpler 
solutions"  of  these  problems;  and  while  simplicity  and  rapidity  of 
solving  such  problems  are  of  the  first  importance,  the  writer  has 
adopted  the  above  forms  as  clearly  setting  forth  the  essential  and 
constant  relations  existing  between  the  quantities.  The  first  two 
examples  were  worked  out  accurately,  carrying  distances  to  hun- 
dredths, and  angles  to  seconds  of  arc.     In  the  last,  distances  are 
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only  carried  to  tenths,  and  arcs  to  minates.  All  the  compntations 
should  be  accurately  made,  bat  it  must  not  be  expected  that  on 
the  fie^d  curyeB  and  tangents  will  come  together  as  accarateiy 
as  they  are  plotted  on  paper  and  scaled  from  the  compntations. 
The  transit  is  ordinarily  graduated  to  read  only  to  minutes,  and 
by  estimates  to  half  or  quarter  minutes;  the  chain  is  not  as 
accurate  as  a  steel  tape;  the  ground  is  rough  and  broken:  con- 
sequently absolutely  accurate  results  cannot  be  expected.  In  run- 
ning a  2^  curve  for  a  distance  of  1500  to  2000  feet  and  missing 
closing  on  the  tangent  with  6  inches  or  1  foot  of  the  exact  point 
is  doing  about  as  well  as  if  you  should  waste  a  week's  time,  as  is 
often  done  by  young  engineers,  in  the  yain  effort  to  get  exactly 
accurate  results.  The  curvatures  can  be  slightly  changed  near  the 
P.  T.  to  make  the  stakes  come  in  properly.  After  the  roadbed  has 
been  constructed,  with  clear  lines  of  sight,  using  a  steel  tape  on  the 
smooth  surface  of  the  roadbed,  any  such  slight  inaccuracies  can  be 
adjusted;  and  if  accuracy  is  required  in  the  beginning,  accurate 
instruments  and  tapes  should  be  used.  But  such  care  is  not  neces- 
sary in  locating  lines,  as  it  would  cause  too  much  waste  of  time. 
Resident  engineers  on  construction  will  have  the  time,  and  should 
accurately  adjust  the  alignment  where  necessary.  This  subject  will 
be  further  discussed  under  the  head  of  Track-laying. 

REVERSED   CURVES. 

22.  In  compound  curves  both  branches  lie  on  the  same  side  of 
the  common  tangent,  and  they  necessarily  have  unequal  radii.  If, 
on  the  contrary,  the  two  branches  of  the  curve  having  a  common 
tangent  lie  on  different  sides  of  the  tangent,  the  one  must  turn  to 
the  right  and  the  other  to  the  left,  and  they  form^what  is  termed  a 
reversed  curve.  The  common  tangent  point  is  called  the  P.  R.  C, 
the  point  of  reversed  curve. 

A  reversed  curve  may  connect  two  parallel  lines,  or  lines  inclined 
to  each  other,  and  the  two  radii  may  be  unequal  or  equal.  The 
P.  R.  C.  of  a  reversed  curve  connecting  two  parallel  lines  or  tan- 
gents will  be  on  the  line  connecliing  the  tangent  points. 

Fig.  20  represents  the  case  of  a  reversed  curve  connecting  two 
parallel  tangents,  AB  and  CD, 

Given   the  perpendicular  distance  between   the  parallel   tan- 
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gents  AB  and  DC  =  BF=EG=^x,  and  EC  ^  y,  the  distance 
between  the  tangent  points  B  and  C.  Bequired  the  point  Gy  the 
P.  B.  C,  and  the  equal  radii  OQ  =  O'G  =  R.  From  the  construc- 
tion it  is  evident  that  the  angles  of  intersection  of  the  tangents^ 
and  consequently  the  centre  angles  BOG  and  GO^C,  are  equal, 
a  =  a^ ,  and^  as  the  sides  of  the  triangles  BO  and  OG  are  equal 
and  equal  to  the  GO^  and  0,C,  the  triangles  BOG  and  GO^C  are 
equal;  hence  BG  =  GG=iBG,  and  the  P.  E.  0.  is  at  the  centre 


Fig.  20. 

of  BC.    In  the  triangle  BOG  draw  OH  perpendicular  to  BG, 
Then  the  triangles  BOH  and   CBB  are  similar,  having  equal 

angles;  hence 

« 

BO:BH\:  BO'.ECy    or    R  :iy{iBC)  wy  ix-y    .\Rz=z^,    (23) 


Assuming  y  =  300  feet,  a:  =  14  feet,  .'.  R  =  1607.1,  and  the 
curves  will  be  3°  9^'  curves.  If  R  and  x  are  given,  y  can  be  found ; 
or  if  R  and  y  are  given,  then  x  can  be  found. 

BG  =  2R  sin  iar, ,    .'.  sin  ^£y,  =  ^  =  ^^u^  =  0.0467; 


/.  |fr.  =  3°41'; 


.-.  er,  =  er  =  5°  22'. 


Given  EC=x,  BC=y,  radius  BO  =  R  of  a  reversed  curve 
connecting  two  parallel  tangents  (see  Fig.  21).  Find  the  point  &, 
the  P.  R.  C,  and  the  radius  0,  G  of  the  second  curve. 
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Drawing  the  perpendiculars  OH  and  0,K,  from  the  similar  tri- 
angles B0££  and  BGE  we  have,  from  Fig.  21, 

EG :  BC ::  BE :  BO; 


.  j,^  ^EG  ^BO  ^.R     ^^^    ^,BH  =  BO  ^'-^^ 

BC  y  y 


•  e 


y 


(24) 


(25) 


Fig.  21. 


and  from  similar  triangles  BGE  and  KO^C, 

EC\BG:\KG\0,G\ 
.    p  _^n-BCxKG_yx^OC 


_y  X  00 


2x 


.  .    (26) 


=  1000  feet. 


Given  y  =  BC  =  200  feet,  a;  =  ^C  =  14  feet,  R 
The  first  portion  BO  then  is  a  5°  44'  curve.     Then 

BO  =  ^^^^><^^  =  140  feet. 

Hence    (?C  =  200  -  140  =  60  feet.    The  radius  of  the  second 
carve  B,  =  0,C=       J^  ^^  =  428.6  feet,  corresponding  to  a  13°  22' 


curve. 


•     1         BO       .    .  00       140         60 

8inia  =  ^=8.nK=^  =  ^^  =  g3^  =  0.07; 


2R 

.'.  ia  =  ia.  =  4"'  1'; 


.-.  a  =  a.  =  8°  2'. 


4c'Z 
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Bequired  to  find  the  common  radii  tor  a  reverse  curve  to  con- 
nect two  tangents  not  parallel.    (See  Fig.  22.) 


H 


Fig.  32. 


Given  the  angles  a  and  a. ,  and  BC=y,  the  line  joining  the 
tangent  points  on  the  tangent  lines  AB  and  CD. 


hence 


BO  :  01 ::  sin  tj  sin  n;        O^C :  OJ : :  sin  i  :  sin  k'y 
BO  sin  n  =  0/sin  t,     and      0,Csin  k  =  0,7  sin  t; 

BO  sin  n  +  O.Csin  k  =  {01+  OJ)  sin  i; 
BO  =  0,0=  R;  01+  0,1=  00,  =  2R; 


R  &inn  +  E  sin  k  =  2  R  sin  i; 


.     .      sin  n+ein  k 
sm  t  = ^ ; 


sm  n 


.      -  .      .        cos  Of  +  cos  Of,  ,^^. 

=  cos  or;  sm  k  =  cos  «,;    .%  sm  *  = ^ \  .     (37) 


BH=  BO  Bin  i;  BH=  BQ+QH;  BQ  =  R  sin  S; 
QH=  CL  =  R  sin  8, ;  .-.5(7  sin  t  =  i2(sin  S  +  sin  8,). 
BC  sin  I 


\R=:^ 


;  8  =  180  -  (n+  f);  8,  =  180  -  (*  +  i);  (28) 

(29) 


sin  8  +  sin  5, 

n  =  90  -  or;  *  =  90  —  a, 


If  er  =  30°,  a,  =  20°,  and  BC=  1400  feet,  then,  from  equa- 
tion (27), . 

cos  30  +  cos  20         ^  f.^n  o^  ,      .         cao  oo/. 

sm  t  = ^ =  0.902  86;    .•.  i  =  64    32'; 
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n  =  90  —  30  =  60,  *  =  90  —  20  =  70,  from  equation  (29) ;  and 
from  equation  (28) 

S  =  180  -  (60  +  64.32)  =  55°  28' 
and 

S,  =  180  -  (70  +  64.32)  =  45°  28'. 

Subetituting  in  value  of  By 

/?-/?-       BCsini       _     1400  X  0.90286     __  ^^^  .  .    . 
^  ~  ^»  ""  Bin  6'+  sin  S\  ~  0.82380  +  0.71284  ""  ^"^^'^  ^®®^' 

In  these  examples,  the  tangents  and  curves  represent  the  centre 
line  of  tracks,  and  are  the  more  common  and  simplest  forms  of 
passing  from  one  track  to  another  either  parallel  with  or  inclined  to 
the  other.  A  great  many  problems  based  upon  many  conditions  can 
and  do  arise,  but  the  principles  are  the  same  as  those  given  in  the 
above  examples.  The  main  tracks  may  be  straight  or  they  may  be 
carved.  All -of  these  matters  are  very  elaborately  discussed  and 
problems  for  nearly  all  possible  conditions  are  worked  out  and  illus- 
trated in  the  works  of  Wellington,  Searles,  Henck  and  others. 


ART.  IV. 

TKE  THEORY  OP  MAXIMUM  ECONOMY  IN  GRADES  AND  CURVES. 

S3.  Although  the  solution  of  the  problems  in  regard  to  grades 
and  curves  is  of  prime  importance,  and,  if  correct  values  of  the 
terms  which  enter  into  the  formulae  are  known  or  can  be  found, 
some  reliance  may  be  placed  on  them,  just  in  proportion  as  the 
facts  and  data  may  be  accurate  in  the  same  proportions  will  the 
results  be  trustworthy.  The  writer  will  not,  therefore,  undertake 
to  discass  this  subject,  and  will  only  give  a  few  statements  and 
partly  empirical  formulsB. 

The  selection  of  the  best  line  having  been  made,  either  from 
considerations  of  economy  in  construction,  from  the  greater 
amount  of  present  business,  or  from  the  subsequent  development 
of  the  country,  the  question  of  greatest  importance  is  what 
are  the  best  grades  and  curves  to  be  adopted,  as  they  both  affect 
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the  first  cost  of  construction  and  the  subsequent  and  continuous 
expense  of  operating  the  road.  The  grades  and  curves  which 
reduce  the  sum  of  these  two  elements  of  expense  to  a  mini- 
mum will  be  the  best  on  any  given  line. 

The  annual  expense  per  mile  of  operating  a  road  depends^  first, 
upon  the  interest  on  the  cost  ollequipment,  such  as  engines  and  cars, 
engine-houses,  depot  buildings,  and  all  those  items  of  cost  which 
require  the  expenditure  of  large  sums  of  money  in  movable  or 
fixed  property  and  structures;  and  secondly  on  the  actual  expenses 
annually  of  all  employees,  costs  of  repairs  and  renewals,  and  the 
expense  for  fuel,  oil,  waste,  and  the  thousand  other  incidentals. 
Such  data  can  only  be  obtained  from  the  experience  of  other 
roads. 

24.  The  tractive  force  of  an  engine  is  a  force  with  which  it  can 
pull  a  load  or  train,  and  is  limited  by  the  reaction  of  the  drivers 
against  the  rail.  The  reaction  depends  upon  the  weight  on  the 
drivers,  the  number  of  drivers,  and  the  coeflScient  of  friction  or 
adhesion.  Some  locomotives  have  4  drivers,  some  6,  and  some  8, 
the  weight  on  each  being  from  10,000  to  12,000  lbs.,  and  in  many 
later  types  a  still  greater  weight.  The  coeflBcient  of  friction 
varies  between  0.09  and  0.37,  the  average  being  between  0.15 
and  0.25. 

An  engine,  then,  with  four  pairs  of  drivers,  or  eight  drivers 
with  a  weight  on  each  of  12,000  lbs.  and  a  coefiicient  of  0.20,  will 
have  a  tractive  force  of  12,000  X  8  X  0.20  =  19,200  lbs. 

25.  The  resistances  to  be  overcome  are,  first,  the  friction  in  the 
moving  parts  of  the  engine  and  train,  impacts  and  oscillations, 
and  the  resistances  of  the  atmosphere.  These  elements  of  resist- 
ance vary  with  the  condition  of  the  road  and  of  the  rolling 
machinery,  and  the  state  of  the  weather.  That  part  of  the  resist- 
ance due  to  friction  may  be  taken  as  constant  at  all  speeds  of  the 
train;  the  remaining  items  increase  with  the  speed.  The  actual 
amount  of  resistance  can  be  determined  by  means  of  dynamom- 
eters placed  between  an  engine  and  a  train,  and  is  usually  ex- 
pressed as  a  certain  number  of  pounds  per  ton. 

While  there  are  many  formulae  given  to  express  the  resistance 
due  to  the  above  causes,  some  much  more  complicated  than  others, 
but  probably  no  more  accurate,  the  following  formula  for  these 
resistances  on  a  level,  straight  track,  which  is  assumed  to  be  in  a 
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fairly  average  condition^  with  good  rolling-stock  and  reasonably 
calm  weather,  is  found  in  Vose^s  Civil  Engineering,  page  34 : 


V' 


^  =  m  +  ^> 


(30) 


in  which  r  is  the  resistance  in  pounds  and  v  the  velocity  in  miles 

per  hour.    With  a  velocity  of  26  miles  per  hour  the  resistance  will 

be  r  =  11.66  pounds  per  ton  of  the  entire  train  weight,  and  this 

under  unfavorable  conditions  should  be  increased  from  25  to  50 

per  cent.     Under  these  conditions  an  engine  exerting  a  tractive 

force  of  19,200  lbs.  could  haul,  at  a  speed  of  25  miles  per  hour  on 

19200 
a  straight  and  level  track,  ztt^t:  =  1647  tons,  weight  of  train  and 

11.00 

its  load. 

26.  The  second  cause  of  resistance  is  that  arising  from  the 
grades,  and  the  force  necessary  to  overcome  it  is  simply  expressed 
by  the  weight  multiplied  by  the  ratios  of  the  vertical  rise  to  the 
length  of  the  slope  or  grade.    Then  in  Fig.  23  the  resistance  is  to 


P^r 


Fio.  28. 

the  load  as  the  vertical  CB  is  to  the  length  of  the  slope  AO,  or, 
in  symbols. 


r  :  w  ::  BC :A0;    .\r  =  w 


AC 

Bcr 


.     .     .     .     (31) 


If,  then,  to  =  l  ton  of  2000  lbs.,  BC=l  mile  =  5280  feet,  and 

the  rise   or  grade  per  mile  BC  =  26*4  feet,  the  resistance  per 

26  4 
ton,  r  =  2000  .  r^^  =  10.0  pounds.     The  power,  then,  required  to 

run  a  mile  at  the  above  rate  of  grade  and  a  speed  of  25  miles  per 
bour  would  be  11.66  +  10.0  =  21.66  pounds  per  ton  of  load,  or  the 
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same  power  would  haul  the  train  at  the  same  speed  on  a  level  for 
nearly  two  miles. 

The  resistance  due  to  curvature  of  the  track  arises  from  the 
friction  of  the  wheels  upon  the  top  of  the  rail  and  that  of  their 
flanges  upon  the  sides  of  the  rail.  This  resistance  has  been 
taken,  as  the  result  of  experiments,  at  from  one  half  to  one  pound 
per  ton  multiplied  by  the  degree  of  curvature.  If  r,  is  the  re- 
sistance per  ton,  and  the  degree  of  curvature  D,  then  r  =  0.5  to 
1  X  />  =  0.5  to  1  pound  for  a  1°  curve  and  from  5  to  10  pounds 
for  a  10°  curve. 

We  would  then  have  for  the  resistance  in  pounds  per  ton  on  a 
10°  curve  on  a  grade  of  26.4  feet  per  mile,  runuing  at  the  rate  of 
25  miles  per  hour,  11.66  +  10.0  +  10.0  =  31.66  pounds,  or  with  a 
tractive  force  of  19,300  pounds  the  locomotive  could  haul  only  606 
tons. 

It  should,  however,  be  the  object  of  an  engineer  to  avoid  as  far 
as  practicable  locating  curves  on  grades,  or  at  any  rate  to  reduce 
or  lighten  the  grade,  so  that  the  combined  resistance  should  not 
exceed  that  on  the  ruling  grades  on  the  straight  portions  of  the 

line.    As  the  resistance  due  to  grade  is  expressed  by  r,  =  2000  r-r^ 

for  a  load  of  one  ton  on  a  rate  of  grade  O^ ,  and  the  resistance  due 
to  curvature  is  r,  =  i>,  in  which  D  is  the  degree  of  curvature,  then 

placing   D  =  2000^7^7;;    .' .G  =^.,  which  gives  the  grade  on  a 

straight  line  which  offers  the  same  resistance  as  a  given  curve.  If, 
then,  the  ruling  grade  on  the  line  is  0.5  foot  in  100  feet,  the  curve 
of  an  equivalent  resistance  is  2)  =  0.5  x  20  =  10°.  If,  therefore,  in 
establishing  a  grade  line  on  the  profile  a  gi'ade  of  0.5  foot  per  100 
feet  should  fall  on  a  10°  curve,  in  order  to  maintain  a  uniform 
resistance  on  the  line  the  grade  should  be  taken  out  and  that  por- 
tion of  the  line  occupied  by  the  curve  should  be  level,  or  the  grade 
should  be  reduced  to  0.25  foot  per  100  feet,  and  the  degree  of  cur- 
vature also  reduced  from  a  10°  to  a  5°  curve. 

Having  fixed  upon  the  ruling  gradients  and  maximum  de- 
grees of  curvature,  the  rate  of  grade  varies  from  0  to  52.8  feet  per 
mile,  and  in  some  exceptional  cases  as  high  as  from  80  to  100  feet 
per  mile,  and  the  degree  of  curvature  from  0°  to  10°,  with  a  usual 
maximum  of  6°.     The  most  important  duty  of  an  engineer  is  to  lay 
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down  the  grades  upon  the  profile  to  the  best  advantage.  This 
requires  the  careful  comparison  of  several  rates  of  ascending  and 
descending  grades.  The  only  points  on  roads  that  are  fixed  by 
considerations  other  than  the  cost  of  construction  and  keeping 
within  the  maximum  established  rate  of  grade  are  the  crossing  of 
swamps  and  rivers^  where  the  grade-line  must  be  above  high  water; 
the  crossing  of  other  roads,  which  may  be  on  the  same  level,  or 
high  enough  above  to  allow  the  passage  of  vehicles  or  trains 
underneath,  the  clearance  in  either  case  varying  from  18  to  25  feet; 
or  such  fixed  grade  heights  are  determined  by  considerations  of 
convenience  or  are  fixed  and  regulated  by  law.  The  law  regulating 
the  crossing  of  navigable  streams  requires  a  height  of  about  80  to 
100  feet  above  low  water  or  about  40  feet  above  high  water. 

After  these  requirements  and  conditions  economy  of  con- 
struction requires  that  grade-lines  shall  ascend  towards  the  tops  of 
high  points  and  descend  towards  the  low  points,  by  which  both 
the  amounts  of  excavation  and  embankments  are  lessened,  as  is  also 
the  cost  of  bridges  and  trestles. 

It  is  also  desirable  to  so  locate  the  grade-lines  that  the  amounts 
of  excavations  and  embankments  of  a  given  portion  or  section  of 
the  line  may  be  as  nearly  equal  as  possible. 

A  fine  thread  of  silk  stretched  along  the  surface  line  of  the 
profile  will  enable  the  engineer  to  observe  the  effect  of  changing 
the  grade-line  by  shifting  the  position  of  the  thread,  and  to  make 
comparisons  which  will  greatly  facilitate  the  final  and  proper  ad- 
justment of  the  grade-line  to  suit  the  required  conditions,  by  the 
lines  representing  respectively  the  vertical  and  horizontal  dis- 
tances. A  caref al  study  of  the  profile  and  careful  comparisons  of 
the  effects  of  many  different  grades  will  prove  full  compensation 
for  the  time  consumed. 
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ART.   V, 
LOCATION  OF  HIGHWAYS  AND  COUNTRY  ROADS. 

27.  The  same  general  principles  which  have  been  explained  in 
regard  to  the  location  of  railroads  apply  to  the  location  of  high- 
ways. The  relations  between  the  tractive  forces  and  the  resist- 
ances are  not  so  simple  or  capable  of  as  close  calculation  and 
adjustment  as  on  railways^  for  the  reasons  that  the  wheels  do 
not  run  on  smooth,  hard  surfaces,  nor  do  these  as  a  rule  rest  on  a& 
firm  and  carefully  constructed  and  carefully  drained  foundations. 
Although  not  desirable,  very  steep  grades  for  short  distances  cau 
be  overcome  by  the  exercise  of  great  efforts  for  short  periods 
of  time,  followed  by  breathing-spells  to  the  animals  furnishing 
the  power.  Very  sharp  curves  may  be  used,  the  vehicles  being 
turned  through  great  angles  in  short  distances;  and  although 
small  and  large  bridges  are  desirable,  they  are  not  so  necessary  on 
highways  as  they  are  on  railways.  Small  streams  can  be  forded 
as  often  as  may  be  necessary  in  order  to  keep  the  road  on  the  best 
ground.  Large  streams  can  be  crossed  on  ferry-boats,  the  cost  of 
maintaining  and  operating  being  small.  Traffic  may  be  inter- 
rupted for  a  few  days  during  periods  of  floods.  In  thinly  set- 
tled districts  this  may  not  be  a  matter  of  very  great  importance, 
though  often  causing  much  inconvenience  to  individuals  and 
communities.  In  thickly  settled  communities  these  matters  are 
of  the  greatest  importance;  easy  grades  and  curves;  firm  road- 
beds, and  these  well  drained;  many  bridges  across  both  small  and 
large  streams;  in  such  cases  highways  should  be  located  and  con- 
structed more  nearly  on  the  principles  and  under  the  conditions 
required  for  railways,  and  the  best  lines,  grades,  curves,  and  char- 
acter of  structures  and  construction  should  be  adopted  as  the  cost 
of  construction  and  maintenance  will  justify,  compared  not  with 
the  pecuniary  benefits  accruing  to  private  corporations,  but  as 
measured  by  the  pecuniary  benefits  and  conveniences  derived  by 
the  community  as  a  whole. 

In  a  great  many  respects  good  highways  are  of  more  benefit  to- 
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a  giveu  district  or  to  a  community  of  districts  than  railways  have 
ever  been  or  will  probably  ever  be. 

Fortunately,  builders  of  railways  are  compelled,  by  the  rela- 
tions between  the  power  employed  and  the  resistances  to  be  over- 
come; by  the  great  cost  of  construction,  equipment,  and  operating; 
by  the  necessity  of  securing  a  tangible  and  obvious  return  for  the 
money  invested,  to  select  in  the  first  place  only  such  lines  as  are 
the  best,  without,  except  in  a  few  instances,  regard  to  the  wants 
or  needs  of  particular  communities,  and  trusting  to  a  great  extent 
to  future  developments  being  forced  upon  the  communities  by  the 
superior  advantages  offered  for  transportation  to  large  and  im- 
portant centres  of  commerce. 

Unfortunately  for  the  builders  of  highways,  the  roads  are  usu- 
ally constructed  in  a  large  and  extended  and  thinly  settled  coun- 
trv.  All  roads  constructed  by  individuals  have  only  the  object  of 
.  benefiting  some  particular  community  or  district,  and  when  these 
are  connected  as  the  interchange  of  trade  demands,  they  are  simply 
connected  in  some  haphazard  way,  without  regard  to  the  greatest 
conveniences  and  benefit  of  either.  There  are  in  this  country  a 
few  and  only  a  few  exceptions  to  the  above  general  statement. 
Such  roads  when  once  established  are  rarely  changed.  Moreover 
the  roads  in  any  particular  district  are  neither  located  nor  con- 
structed with  reference  to  the  best  lines  or  character  of  construc- 
tion. The  roads  are  forced  to  be  placed  along  boundary-lines 
between  neighboring  landowners,  or  they  to  a  great  extent  be- 
come boundary-lines  and  cannot  be  altered  without  trouble  and 
litigation. 

The  highways  of  the  relatively  small  European  states  or  gov- 
ernments have  been  brought  to  a  high  degree  of  perfection,  both 
as  regards  location  and  construction;  and  having  them,  the  great 
benefits  derived  have  been  fully  realized,  and  the  people  are  will- 
ing to  be  taxed  to  maintain  them  in  a  high  state  of  perfectness. 

Hundreds  of  thousands  of  dollars  have  been  expended  in  this 
country  annually  for  the  last  half-century  on  ill-located  and  badly 
constructed  roads,  with  the  result  that  at  this  time,  except  in  a 
few  States,  and  frequently  only  in  a  few  districts  of  these  States, 
the  country  is  no  better  off  than  in  the  beginning  in  respect  to 
decent  roads. 

The  demand  now  is  and  will  be  for  the  next  half -century,  for 
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better  roads.  New  roads  must  be  located  and  built  on  sound  en- 
gineering principles  and  practice,  and  old  roads  must  be  relocated 
and  constructed  on  the  same  considerations.  There  is  no  more 
important  subject  in  the  whole  range  of  engineering  than  that  of 
highway  construction. 

When  engineers  know  how  to  locate  and  build  highways  and 
the  people  are  aroused,  as  is  now  becoming  the  case,  proper  high- 
way facilities  will  be  provided.  This  much-desired  end  can  and 
will  be  gi'adually  attained,  but  a  beginning  should  now  be  made. 
The  location,  construction,  and  maintenance  of  roads,  the  rela- 
tions between  power  and  resistance,  and  the  cost  will  now  be 
considered. 

The  same  instruments,  the  same  principles  and  rules,  within 
certain  limits,  must  be  used  and  followed  as  are  required  in  rail- 
way construction. 

28.  The  best  location  for  a  highway  should  be  determined  by. 
the  following  principles,  leaving  out  the  consideration  of  the  cost: 

1st.  A  straight  and  level  line,  and  the  nearest  approach  to 
these  conditions  the  more  perfect  the  road. 

2d.  A  straight  and  uniformly  inclined  road. 

3d.  A  route  which  affords  the  easiest  gi*ades,  remembering 
that  the  easiest  grade  for  any  given  road  will  depend  upon  the 
material  used  for  its  surface. 

4th.  With  the  established  grades  select  the  shortest  and  most 
direct  route  between  the  main  termini. 

5th.  Alternate  ascents  and  descents  should  be  avoided. 

6th.  Cross  railroads  either  high  enough  above  or  deep  enough 
below  to  allow  ample  head-room  or  clearance  for  the  traffic  on  the 
lower  road,  which  ever  it  may  be. 

It  is  not  the  absolute  cost  that  must  be  considered  in  modify- 
ing the  above  rules  and  principles,  but  the  cost  as  compared  with 
the  actual  value  of  the  present  traffic,  and  a  fair  allowance  for 
prospective  traffic  resulting  from  the  increase  of  agricultural, 
timber,  and  mineral  development  and  the  establishment  of  manu- 
factories and  other  industrial  enterprises.  The  considerations  of 
costs  require : 

1st.  So  placing  the  line  on  the  surface  of  the  ground  as  to 
reduce  the  cost  of  construction,  with  the  established  curves  and 
grades,  to  a  minimum. 
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2d.  To  cross  streams,  rivers,  and  other  lines  of  communication 
as  nearly  as  practicable  at  right  angles. 

3d.  To  pass  through  the  lowest  divides  or  passes  practicable. 

Where  the  cost  enters  as  a  controlling  factor,  a  straight  line  may 
still- be  adopted,  following  the  vertical  undulations  of  the  surface 
of  the  country,  or  a  line  either  level  or  gradually  inclined  may 
be  laid  following  the  sinuosities  of  the  surface  formed  by  pro- 
jecting spurs  and  intermediate  receding  valleys  or  depressions. 
A  compromise  between  the  last  two  lines  will  commonly  be  found 
satisfactory  and  economical.  These  require  a  balancing  of  the 
cost  of  construction  on  the  shorter  and  more  direct  line  caused  by 
increased  excavation  and  embankments,  and  higher  bridges,  result- 
ing from  the  limiting  rate  of  grades,  and  that  on  the  longer  line 
caused  by  an  increased  length  and  the  determination  of  what 
increase  in  the  rate  of  grade  would  be  equivalent  to  a  given  de- 
crease in  its  length.  This  requires  a  comparison  of  the  power 
required  to  draw  various  vehicles  with  given  loads  upon  a  level 
road  and  roads  with  different  rates  of  grade. 

29.  If  there  are  intermediate  towns  or  centres  of  industry  it 
wiU  often  be  found  advisable  to  deviate  from  a  direct  line  more  or 
less  in  order  to  pass  by  these  points.  If,  however,  this  should  lead 
to  much  increase  of  cost,  it  may  frequently  be  advisable  to  keep 
the  more  direct  route  between  the  principal  termini,  and  at  some 
convenient  point  on  this  line  construct  a  branch  road  to  the  town. 

The  above  remarks  apply  mainly  to  the  location  of  roads  in 
what  might  be  called  a  rolling  or  undulating  country.  In  locat- 
ing mountain  roads  the  same  latitude  of  adjusting  grades  and  dis- 
tances and  quantities  of  work  is  not  afforded. 

Mountain  Beads. — In  locating  a  mountain  road  it  is  usually 
necessary  to  hold  somewhat  closely  to  the  maximum  grade  for  a 
large  portion  of  the  distance  between  low  ground  at  the  entrance 
to  the  mouth  of  the  gorge  and  the  summit  or  divide,  else  a  long 
development  of  the  line  must  be  made  to  gain  length,  usually  in- 
creasing both  the  length  and  the  amount  of  work;  or,  since  the 
rise  is  more  gentle  near  the  month  of  the  gorge,  acute-angled  zig- 
zags have  to  be  located  near  the  summit  for  the  same  reasons;  and, 
in  addition,  having  reached  a  point  near  the  summit  on  somewhat 
easy  grades,  the  maximum  established  rate  of  grade  will  frequently 
have  to  be  excluded  owing  to  want  of  room  in  which  to  zigzag  or 
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develop  the  line.     It  will  therefore  generally  be  advisable^  as  the 
summit  is  the  only  fixed  point  either  on  the  alignment  or  grade^  to 
begin  the  location  at  that  point;  and  instead  of  locating  the  Hue 
and  then  running  the  levels  over  it,  which  will  inevitably  lead  to  con- 
fusion and  malposition  of  the  line,  it  will  be  better  to  determine 
the  position  of  points  at  intervals  of  100  feet  or  more,  which  will 
be  on  the  descending  maximum  grade-line,  this  can  be  done  by 
means  of  the  level,  one  end  of  the  chain  being  held  at  the  instru- 
ment and  the  rod  being  held  at  a  link  or  at  the  end  of  the  chain, 
and  moved  about  on  the  surface  of  the  ground  until  the  reading 
of  the  rod  indicates  the  fall  for  that  distance;  or  the  transit  may 
be  used,  the  rate  of  grade  being  converted  into  degrees  of  arc,  and 
the  reading  on.  the  vertical  circle  made  equal  to  that  angle;  the 
axis  of  the  telescope  will  be  parallel  to  the  grade-line,  and  the 
height  of  the  axis  above  the  ground  will  be  the  vertical  distance 
between  the  two.    A  rod  planted  on  the  ground,  with  a  point 
marked  on  it  equal  to  that  distance  in  the  line  of  sight  or  pro- 
longation of  the  axis,  will  mark  a  point  on  the  ground  which  will 
be  also  on  the  grade-line.    Stakes  should  be  placed  at  these  points 
and  marked  in  some  special  manner.     The  bearing  of  this  line 
could  be  taken   and  the  distance  between  the  points  measured, 
the  instrument  moved  forward  to  this  point,  and  the  same  process 
repeated;  or,  more  simply  still,  a  transit  with  stadia  fixtures  and 
rods  can  be  used,  by  which  the.position,  direction,  and  distance  of 
the  point  can  be  determined  without  actual  measurements  on  the 
ground.     These  data  being  plotted  on  a  map,  a  line  can  be  plotted 
to  fit  the  ground,  which  can  then  be  transferred  to  the  ground,  over 
which  levels  are  run,  and  profile  and  estimates  of  quantities  made. 
If  there  is  sufficient  length  of  line,  the  grades  can  be  eased  for  the 
lower  portion  of  the  distance,  or  a  uniform  grade-line  falling  at  a 
less  rate  than  the  maximum  can  be  adopted.     If  a  line  is  located  on 
the  maximum  descending  grade,  or  any  other  uniform  grade,  an 
ascent  towards  the  top  of  a  ridge  or  spur  crossing  the  line  causes 
what  is  called  loss  of  height,  and  produces  an  increase  in  the  length 
of  the  whole  line  equal  to  the  horizontal  distance  from  this  sum- 
mit to  a  point  on  the  regular  grade,  as  shown  in  the  following  dia- 
gram (Fig.  24). 

Taking  the  summit  at  B,  and  AB  the  road  descending  from 
B  to  A  at  the  maximum   rate  of  grade.      At    C,  owing  to  the 
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interyening  ridge  A  the  grade  is  broken  and  a  short  ascend- 
ing grado  CD  is  introduced  to  save  excavation.  From  D  the 
grade  must  not  descend  more  rapidly  than  allowed  by  the  maxi- 
mum rate,  hence  DH  must  be  parallel  to  ABy  reaching  the 
level  of  A  at  H,  In  addition  to  increasing  the  amount  of  embank- 
ment from  K  to  H,  the  original  length  required,  AB,  must  be 
increased  by  the  distance  AH  =  DG,  as  above  stated^  or  an  ex- 
cessively steep  grade  must  be  used  between  D  and  A,  combined 
also  with  an  increase  of  length.     If  the  ascending  grade  CD  is  at 


Fio.  24. 

the  same  rate  aa  AB,  the  increased  distance  2>t7  =  twice  that 
due  to  the  vertical  rise  RC.  If  the  rise  is  10  ft.  and  the  rate  of 
grade  1  in  20,  then  the  distance  RG  =  JRD  =z  200  ft.  and  DG  = 
400  ft.  If  the  rate  of  the  grade  DCi8  greater  than  the  maxi- 
mum RG  =  10  feet;  and  DC  is  1  in  15  then  RD  =  150  feet  and 
DG  =  350  feet.  And  finally.,  if  Z>C  is  an  easier  grade,  say  1  in  25, 
then  DR  =  250  feet  and  DG  =  450  feet,  which  shows  the  in- 
crease of  length  required  by  breaking  a  uniform  grade,  and  this 
will  be  repeated  at  every  intervening  ridge  where  an  ascending 
grade  is  adopted. 

30.  Grades  are  designated  in  several  ways:  Ist,  as  the  vertical 
rise  in  any  given  number  of  feet  measured  horizontally,  usually  100 
feet,  as  i,  1,  5,  or  10  fee^  in  100  feet,  or  as  so  many  feet  to  the  mile  of 
5280  feet.  The  corresponding  values  to  the'above  would  be  i  x  52.8 
=  26.4  feet,  52.8  feet,  264.0  feet,  or  528  feet  per  mile.  Or  grades  are 
spoken  of  as  so  many  per-cents;  as,  J  of  a  foot  in  20  feet,  equivalent 
to  2J  in  100,  called  a  2J-per-cent  grade;  1  in  20,  a  5-per-cent;  2  in 
20,  or  10  in  100,  a  10-per-cent  grade;  and  so  on.  All  of  the  above 
designations  are  used  in  the  United  States.  In  England  a  grade 
of  ^  foot  in  100  feet  is  indicated  as  1  in  200,  a  1-foot  grade  as  1  in 
100;  a  5-foot  grade  as  1  in  20,  and  a  lO-foot  as  1  in  10;  and  some- 
times in  terms  of  the  angle  which  the  grade-line  makes  with  the 
horizon,  which  is  the  angle  whose  tangent  is  the  rate  of  grade  di- 
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Tided  by  the  corresponding  length;  a  grade  of  i  foot  in  100,  the 

tangent  =  -—-z  =  0.005,  and  the  corresponding  angle  or  inclination 

is  0°  17'  10"  nearly,  commonly  taken  to  the  nearest  minute;  1  in 
100,  tang  =  -riir  =  0.010,  angle  0^  34'  20";  5  in  100,  angle  2°  51' 
40";  10  in  100,  angle  5°  42'  40". 

31.  The  determination  of  the  proper  gradients  or  the  rate  of 
ascent  or  descent,  is  determined  by  the  power  expended  in  ascend- 
ing and  the  acceleration  in  descending.  This  latter  is  an  especially 
important  consideration  where  animal  power  is  employed. 

A  level  surface  over  long  stretches  of  road,  though  favorable  so 
far  as  tractive  force  alone  is  concerned,  is  unfavorable  for  good 
drainage,  upon  which  largely  depends  the  perfectness  and  per- 
manency of  the  road-bed.  Gentle  undulations  of  1  in  from  100 
to  150  are  desirable;  this  may  betaken  as  a  minimum  rate  of  grade. 
As  an  ascending  grade  in  one  direction  is  a  descending  one  in  the 
opposite  direction,  the  question  of  maximum  rate  of  grade  will 
depend  on  both,  and  cannot  be  fixed  with  reference  simply  to  the 
actual  power  of  the  animals. 

If  the  gradients  are  steeper  than  the  angle  of  repose,  which 
varies  with  the  material  forming  the  surface  and  the  perfectness  of 
the  surface,  the  vehicles  will  press  upon  the  animals,  and  their 
power  is  expended  wastefully  in  holding  or  pushing  back.  A  horse 
only  moves  rapidly  downhill  when  pressed  to  do  so.  That  grade 
which  will  admit  of  high  speed  in  descending  should  practically 
regulate  the  maximum  rate.  It  must  not  be  assumed  that  there 
is  as  much  gain  of  power  in  descending  as  there  is  lost  power 
on  ascending.  Of  necessity  the  same  number  of  animals  are 
used  in  descending  as  are  required  in  ascending,  but  the  gain  of 
power  cannot  be  utilizedc  If  the  grades  are  less  steep  than  the 
angle  of  repose,  tractive  force  is  required  on  both  ascending  and 
descending  grades— as  much  more  in  the  first  as  it  is  less  in  the 
second;  and  the  average  is  the  same  as  the  force  required  on  a  level 
road. 

The  limiting  gradient  is  then  the  same  as  the  angle  of  repose 
for  any  given  surface,  which  is  that  slope  on  which  the  vehicle 
would  be  on  the  point  of  sliding  or  rolling  down  from  the  action 
of  gravitation  alone,  and  the  application  of  any  force  however 
feeble  would*  start  it.    As  the  component  of  the  weight  parallel  to 
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the  surface  of  the  road  is  the  force  any  excess  over  which  would 
cause  motion,  it  is  equal  to  the  force  required  to  overcome  the 
resistance  on  a  level,  the  condition  of  the  surfaces  heing  the  same. 
If  this  forcei  is  ^  of  the  weight,  the  same  fraction  expresses  the 
angle  of  repose  for  that  surface.  For  all  grades  from  zero  to  3  in 
100  the  normal  pressure  of  the  vfreight  is  practically  equal  to  the 
weight  or  load  itself,  and  the  rate  of  grade  in  the  above  case  would 
be  1  in  50  or  2  in  100,  which  would  correspond  with  the  angle  of 
repose.  Both  men  and  animals  can  ascend  steeper  slopes  than 
they  can  descend  safely. 

32.  The  maximum  grade  for  a  given  road  will  depend  upon  the 
character  of  the  surface-covering  material;  upon  whether  traffic  is 
to  be  light  and  fast,  heavy  and  slow,  or  both ;  and  upon  the  cost. 
The  q:iestions  of  convenience,  cost  of  motive  power,  and  cost  of 
construction  must  be  adjusted  by  careful  comparisons  in  order  to 
decide  what  grades  and  what  kind  of  paving  shall  be  adopted. 

For  fast  and  light  traffic  and  mixed  3  feet  in  100  can  be 
adopted ;  for  slow  and  heavy,  5  feet  in  100. 

The  French  adopt  5  feet  in  100  for  macadamized  roads,  Telford 
recommended  3^  feet  in  100. 

Grades  as  high  as  7  to  10  in  100  are  often  found  on  country 
roads,  especially  mountain  roads;  but  both  location  and  construc- 
tion are  bad. 

Without  regard  to  descending  grades,  the  maximum  ascend- 
ing grade  is  limited  by  the  tractive  power  of  a  horse.  Tl^e  total 
resistance  on  a  level,  expressed  as  a  fraction,  being  taken  as  t,  and 

the  resistance  to  ascending  the  grade  as  at  =  -^.-- -. — 

"  ^      distance  on  the  slope 

=  sine  of  the  angle  of  slope,  expressed  also  as  a  fraction  of  the 

load,  then  if  PT  =  total  load,  the  total  resistance  to  be  overcome  in 

ascending  the  grade  will  be  R  =  {t-\-  g)  W',  and  if  P  be  tractive 

P 

power  of  the  horse,  {t  -\- g)  W  <  P,  and  g  <  „v  —  t  (to  avoid  ex- 
cessive acceleration  in  descending,  g  should  always  be  less  than  t). 
The  following  are  some  of  the  values  of  /,  the  resistance  in  terms  of 
the  load :  For  stone  pavements,  t  =.-^^\  for  broken-stone,  t  =  -^\ 
for  gravel  roads,  t  =rf^\  for  soft  sand  or  loose  gravel,  f  =  ^.  Where 
grades  form  more  or  less  sharp  angles,  as  at  B,  (7,  D,  and  A  (Fig. 
24)  the  angle  should  be  rounded  by  a  vertical  curve. 
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33.  While,  theoretically,  the  smoother  the  surface .  of  the  road 
the  more  gentle  the  gradient  required,  and  the  rougher  the  sur- 
face the  steeper  the  allowable  grades,  practically  it  is  not  strictly 
true.  Animals  get  a  better  foothold  on  rougher  roads,  and  con- 
sequently can  exert  a  greater  traction  than  on  the  smoother 
roads,  but  at  the  same  time  the  resistances  are  greater  in  the  first 
than  in  the  second  case.  The  only  thing  to  be  done,  then,  is  to  get 
as  smooth  a  surface  as  practicable  consistent  with  a  good  foothold 
for  the  animals,  such  as  stone  pavements.  In  establishing  a  grade- 
line  on  the  profile,  if  a  continuous  grade-line  not  exceeding  the 
maximum  rate  can  be  laid  down,  it  will  at  least  be  satisfactory.  If, 
however,  the  surface  rise  is  greater,  more  excavation  will  be  re- 
quired, or  the  line  must  be  developed  to  give  a  greater  length  and 
lower  rate.  At  intervals  on  a  continuous  grade,  short  horizontal 
resting-places  are  introduced,  especially  if  it  can  be  done  without 
increasing  the  rate  of  grade  on  other  portions  of  the  road. 


ART.  VL 

LOCATION  OF  LINES  OP  COMMUNICATION  BY  TOPOGRAPHI- 
CAL MAPS. 

34.  In  the  United  States  but  little  attention,  comparatively 
speaking,  has  been  given  to  full  and  complete  topographical  sur- 
veys; nor  have  their  value  and  importance  as  a  means  of  securing 
good  lines  for  railways  and  highways  been  fully  appreciated. 
When  embracing  an  extensive  territory  the  operations  are  slow  and 
expensive,  and  it  has  been  the  custom  to  rely  absolutely  upon  the 
judgment  of  the  engineer  to  decide  upon  the  best  route.  Fre- 
quently, however,  a  small  and  insignificant  stream,  in  a  mountain- 
ous country,  leads  to  a  low  divide,  of  which  no  information  is 
obtainable,  and  any  engineer  who  may  walk  or  ride  along  it,  with 
no  road  or  evem  path  to  follow,  through  thick  forests  and  under- 
growth, and  having  frequently  to  make  long  detours  to  pass  around 
what  may  prove  an  insignificant  obstacle,  knows  the  difSculties  of 
forming  a  correct  estimate  of  the  distance  and  consequent  rate  of 
ascent,  even  with  the  use  of  a  pocket  compass  and  aneroid  barom- 
eter.   The  time  occupied   in  the  ascent  is  the  only  absolutely 
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reliable  fact^  and  frequent  stopSy  if  not  noted^  render  this  some- 
times  doubtful;  whereas  travelling  along  another  stream  on  a  more 
or  less  travelled  roadway  or  path  may  lead  to  forming  an  entirely 
erroneous  estimate  as  to  the  relative  merits  of  the  two  or  more 
routes  examined.  In  view  of  these  considerations  the  importance 
of  topographical  surveys  cannot  be  overestimated. 

The  quickest  method  of  making  such  surveys  is  undoubtedly 
with  the  stadia-transits  and  rods;  and  whatever  may  be  said  or 
believed  as  to  the  accuracy  and  reliability  of  surveys  made  by  this 
method,  it  can  be  safely  said  that  they  are  accurate  enough  for  the 
purposes  now  under  consideration. 

The  next  method,  though  more  accurate  and  reliable,  consists 
in  running  a  series  of  transit  or  compass  lines  along  the  streams 
and  the  roads,  and  in  addition  such  a  number  of  lines,  radiating 
from  the  intersection  of  the  main  streams  and  their  tributaries, 
along  the  spurs  and  ridges  included  between  them,  as  may  be  con- 
sidered necessary.  This  method  is  slow  and  costly.  The  levels 
are  then  run  over  these  lines,  the  readings,  however,  being  only 
taken  at  such  points  as  indicate  abrupt  changes  in  the  slope.  These 
points  should  be  selected  by  the  transit  or  compass  man,  and  should 
be  marked  by  stakes. 

And,  lastly,  these  lines  may  be  run  by  the  use  of  the  hand  or 
Locke  level,  and  by  determining  distances  by  stepping  or  pacing. 
Whatever  maybe  said  as  to  the  rapidity  of  progress  by  this  method, 
the  degree  of  accuracy  attained  is  at  least  uncertain.  Heights  can 
be  checked  by  using  a  barometer.  Engineers  should  be  drilled  in 
all  of  these  methods,  and  have  facility  in  applying  any  of  them. 

35.  In  whatever  manner  the  survey  has  been  made,  the  con- 
tour-map is  plotted  in  the  following  manner.  This  will  be  clear  by 
referring  to  Fig.  25,  which  represents  a  territory  included  between 
two  large  rivers,  in  somewhat  the  form  of  a  large  triangle,  showing 
the  dividing  ridges  and  the  tributary  streams. 

First  plotting  the  main  and  tributary  streams  as  determined  by 
the  line  notes,  points  are  noted  on  these  at  those  positions  whose 
elevations  are  known,  whether  on  streams  or  roads — the  points 
whose  elevations  were  determined  either  by  stadia  measurements  or 
by  the  level  on  radial  lines.  This  gives  a  series  of  numbers,  and 
the  relative  heights,  with  respect  to  some  datum  surface,  scattered 
irregularly  over  the  paper.    Lines  are  then  drawn  with  a  free  hand 
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through  points  of  the  same  elevation.  These  lines  are  called 
contours,  or  lines  of  equal  elevation.  Every  point  on  any  one  of 
these  lines  is,  or  is  assumed  to  be,  in  the  same  horizontal  surface 
intersecting  the  face  of  the  ground.  All  such  lines  will  either 
close  upon  themselves  after  meandering  over  a  small  or  large  por- 
tion of  the  paper,  or  will  simply  run  to  the  lines  forming  the  outer 
edges  of  the  map  and  there  terminate  abruptly,  giving  a  series  of 
irregular  lines,  often  approaching  each  other  closely  or  receding 
from  each  other,  but  never  crossing  each  other y  these  lines  simply 
extending  from  one  edge  of  the  plot  to  another. 

If  in  directing  a  line  through  one  elevation  to  another  point  of 
the  same  elevation  it  would  have  to  cross  other  lines  of  different 
elevations,  the  line  must  simply  be  turned  off  and  run  to  the  edge  of 
the  plot  and  stopped.  To  properly  trace  in  contour-lines  requires 
a  somewhat  accurate  mental  picture  of  the  lay  of  the  ground,  in 
addition  to  the  elevation  of  the  isolated  points  scattered  over  the 
plot.  Without  numbers  or  lines  indicating  the  direction  of  the 
higher  ground,  it  is  not  practicable  to  distinguish  spurs  from 
ravines  or  peaks  from  closed  depressions,  as  contour-lines  enclose 
alike  points  of  highest  and  lowest  elevations.  If  streams  are 
plotted  in,  of  course  their  obvious  direction  of  flow  enable  the 
directions  of  the  higher  grounds  and  summits  to  be  determined. 
A  sufficient  number  of  contours  should  be  numbered,  and  the 
numbers  placed  on  the  higher  side. 

Since  each  contour-line  on  a  map  is  the  horizontal  projection 
on  a  common  plane  of  the  intersection  of  a  series  of  horizontal 
planes  with  the  natural  surface  of  an  extended  portion  of  the  earth, 
and  since  the  vertical  distances  between  the  planes  are  usually  the 
same,  or  rather  equal  to  each  other,  it  follows  that  the  steeper  the 
ground  the  closer  the  contours  are  to  each  other,  and  on  the  face 
of  a  precipice  they  would  all  be  projected  into  the  same  contour, 
whereas  on  very  gently  sloping  ground  the  contours  are  farther 
,  apart.  If  the  map  is  constructed  to  a  scale  of  400  feet  to  one  incii 
and  the  vertical  intersecting  planes  are  10  feet  apart,  and  two 
contours  are  found  at  any  point  half  an  inch  apart,  at  that  place 
the  ground  has  a  slope  of  10  feet  in  200  feet;  if  they  are  one  and 
one  half  inches  apart,  the  ground  has  a  slope  of  10  feet  in  600  feet, 
•or  a  much  more  gentle  slope  than  in  the  first  case.  If  a  distance 
of  4  inches  is  scaled  in  such  a  direction  that  one  end  is  on  one 
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contour  and  the  other  on  an  adjacent  one^  the  fall  along  this  line 
will  be  only  10  feet  in  4  X  400  =  IGOOfeet,  or  1  in  160.  If  the  four 
inches  reach  from  one  contour  to  the  second  one  on  either  side, 
then  the  slope  would  be  20  in  1600,  or  1  foot  in  80.  Hence  it  is  an 
easy  matter  to  lay  down  a  line  on  a  contour-map  so  that  the  rate  of 
grade  shall  not  exceed  1  in  10,  1  in  20,  1  in  100,  etc. ;  or  with  any 
given  line  traced  on  the  map  it  is  easy  to  construct  a  vertical  section 
or  profile  along  this  line  and  determine  a  suitable  grade-line  for 
the  road.. 

Contour-lines  cut  all  lines  of  steepest  declivity,  as  well  as  all 
ridge  and  valley  lines,  at  right  angles.  They  are  designated  as  10, 
20,  40,  or  50  foot  contours,  according  as  they  are  10,  20,  40,  or  50 
feet  above  the  datum-plane,  but  the  vertical  distance  between  any 
two  planes  is  the  difference  between  the  contour  numbers. 

It  will  be  noticed  that  no  contour  is  traced  directly  across  a 
stream  or  ravine,  but  turns  up  stream  and  disappears  in  the  outer 
stream-line.  For  small  streams  it  is  generally  indicated  as  crossing 
and  then  turning  down  stream  on  the  other  side. 

Between  any  two  contours  the  slope  is  assumed  to  be  uniform, 
no  matter  how  far  apart  they  may  be. 

36.  The  map  Fig.  25  represents  approximately  the  topographi- 
cal features  of  four  cases  arising  in  the  writer's  experience.  The 
upper  portion  of  the  map  is  equally  applicable  to  any  of  the  four 
cases.  The  lower  portion  only  applies  to  one  case,  namely,  the  dis- 
trict lying  between  the  Ohio  and  Kanawha,  where  near  the  junc- 
tion of  the  two  rivers  there  are  well-defined  foot-hills,  between 
which  and  the  rivers  fairly  level  and  arable  bottom-lands  are  found ; 
these  are  flooded  to  depths  varying  from  four  to  ten  feet  in  the 
highest  floods,  and  it  is  only  necessary  to  lay  the  line  on  the  foot- 
hills high  enough  to  be  above  the  flood-line,  and  at  the  same  time 
avoid  excessive  damages  for  right  of  way  if  the  line  lay  on  the  val- 
uable bottom-lands.  The  line  also  connects  two  main  termini  in 
the  same  valley.  In  this  case  the  line  marked  A  B  D'  K  0  N  \xx 
Fig.  25  and  the  corresponding  profile  marked  AB  D'  A'  IC  KO  N 
in  Fig.  27  would  of  course  be  adopted,  as  giving  easy  grades,  light 
work,  good  alignment,  and  the  shortest  distance  between  the  main 
termini  A  and  N, 

Such  favorable  conditions  do  not  often  arise.  A  common  case  is 
where  the  ridges  and  high  hills  extend  all  of  the  way  to  the  junction 
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of  the  two  rivers.  In  such  cases — for  instance,  the  North  River  and 
the  James  in  Virginia — it  would  be  necessary  in  developing  the  line, 
in  order  to  avoid  excessively  high  grades  and  quantities  of  work,  to 
adopt  one  of  the  upper  lines;  or,  after  crossing  the  river  at  A,  to 
turn  down  the  river,  following  the  line  ABB'X',  .  .  VO'N 
and  keeping  close  to  the  banks  of  the  rivers.  This  would  insure 
easy  grades  and  usually  light  work  per  mile,  but  would,  by  greatly 
increasing  the  length  of  the  line,  add  to  the  total  cost  of  first 
construction,  especially  as  all  tributaries  would  have  to  be  crossed 
where  largest,  that  is,  widest  and  deepest.  This  was,  however,  the 
line  adopted.  It  was  a  bad  location;  a  shorter  and  better  line 
could  have  been  secured  by  following  ABCDPP'Q'QQKON. 

In  the  next  case,  in  the  district  included  between  the  Alabama 
and  Tombigbee  rivers,  neither  of  the  two  lines  above  mentioned 
could  be  adopted.  First,  because  there  were  no  well-defined  foot- 
hills. A  very  large  area  near  the  junction  of  the  rivers  was  a  low 
swamp,  formed  of  unknown  depths  of  alluvial  silt;  a  number  of 
lagoons  or  sloughs  extended  well  up  in  the  inteiior  between  spurs 
of  considerable  rise,  requiring  either  a  long  development  of  the 
line,  meandering  around  these  spurs  and  the  adjoining  low  places, 
or  very  expensive  work  cutting  through  the  spurs  and  costly 
bridges  and  pile-trestles  over  the  intervening  swamps.  It  became 
necessary  to  adopt,  then,  one  of  the  two  upper  routes,  ABCDERT 
YXONy  or  ABCDE8F0WHYLN,  or  after  reaching  Y  to  turn 
down  the  stream  and  come  into  the  first  line  .at  X.  This  would, 
however,  increase  greatly  the  length  of  the  fine,  and  unless  the 
intervening  hills  were  excessively  high  this  deviation  from  the  one 
or  the  other  routes  would  hardly  be  justifiable;  this  line,  then,  from 
y  to  X  will  not  be  further  considered.  Its  profile  is  shown  between 
F  to  iVT  through  Xand  0  in  Pig.  26. 

37.  All  of  the  profiles  are  made  by  sealing  the  distance  on  the 
lines,  Fig.  25,  from  the  assumed  fixed  point  A  to  the  higher  and 
lower  points  along  the  lines.  These  distances  are  laid  down  on  a 
horizontal  line  to  any  desired  scale,  which  in  Figs.  26,  27,  and  28 
is  1  inch  to  4  miles.  At  these  respective  distances  verticals  are 
drawn,  upon  which  are  laid  off  the  heights  indicated  by  the  contour- 
lines  at  their  intersection  with  the  railway  or  highway  lines  to  any 
desired  scale;  in  Figs.  26,  27,  and  28  this  is  taken  at  1  inch  to 
200  feet.     The  upper  extremities  of  these  lines  mark  points  on  the 
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surface  of  the  ground ;  between  these  points,  such  as  A,  B,  C,  D, 
etc.,  lines  are  traced  following  the  undulations  of  the  ground,  as 
indicated  at  the  intersections  of  the  lines  and  contours.  This  can 
be  done  with  sufficient  accuracy  for  ordinary  practical  purposes. 
Where  greater  accuracy  is  required  the  horizontal  distance  on 
the  lines  from  contour  to  contour  must  be  scaled  off,  and  vertical 
heights  drawn  to  scale  for  each  contour  as  it  is  crossed. 

This  irregularly  rising  and  falling  line  marks  the  surface-line 
on  the  profile.  The  positions,  widths,  and  depths  of  streams  must 
be  noted  in  the  field-books  and  marked  on  the  profiles  as  indicated, 
together  with  the  necessary  bridges,  trestles,  culverts,  etc. 

38.  Having  thus  established  the  profile  which  shows  the  verti- 
cal undulations  of  the  surface  of  the  ground  along  the  line,  the 
next  step  is  the  establishment  of  the  gi'ade-lines.  The  principles 
controlling  this  have  already  been  explained.  On  the  profiles  several 
grade-lines  are  drawn,  in  order  to  show  the  effect  on  the  quantity 
of  work  necessitated  by  the  positions  of  these  lines  with  respect  to 
surface-lines.  It  is  to  be  noted  that  where  the  grade-line  is  above 
the  surface-line  a  fill  or  embankment  is  required,  the  height  of 
which  is  the  distance  on  a  vertical  line  between  the  surface  and 
the  grade  line;  where  the  grade-line  is  below  the  surface-line  it  in- 
dicates a  depth  of  cutting  or  excavation  equal  to  the  difference  of 
the  two  elevations.  Referring  to  Fig.  26,  the  uniform  slope  from 
A  to  dy  which  rises  800  —  30  =  750  feet  in  36.3  miles,  gives  a  rate 

750 
of  grade  (ascending)  of  ^—  =  -f-  20.66  feet  to  the  mile.    This 

grade,  although  not  very  steep,  does  not  suit  the  profile  along  either 
of  the  two  lines,  as  it  gives  practically  all  embankment.  At  E  this 
would  be  H  inch  X  200  =  130.8  feet  in  height,  and  at  (7  i  x  200 
=  150  feet,  and  from  these  heights  down  with  a  slight  excavation 
at  V  on  one  of  the  lines  and  from  ©  to  PT  on  the  other.  By 
breaking  the  grade  as  shown  on  the  line  ah  c  d  the  grade-lines 
•  with  their  respective  rates  are  found  as  above;  that  is,  from  a  to  h, 

total  rise  100  feet,  distance  11.5  miles,  rate  of  grade  =  - —  =  + 

X  J..D 

8.7' ;  from  c  to  rf,  rate  -r^  =  +  29.41  feet;  and  so  on  between 

1  i 

other  points  of  change  in  grade.    We  see  that  the  Jine  fits  fairly  well 
the  surface-line,  giving  neither  excessive  cuts  nor  fills,  with  no 
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grade  exceeding  30  feet  per  mile^  which  is  an  easy  grade.  Still 
further^  breaking  the  grade-line  into  shorter  lengths^  ascending 
towards  the  high  points  D,  R,  T,  F,  and  W,  and  descending 
towards  (7,  R'y  F',  etc.,  the  amounts  of  cuts  and  fills  would  be  still 
further  reduced;  and  if  the  rate  of  grade  on  any  one  distance  does 
not  exceed  the  maximum  allowed,  say  52.8'  per  mile  or  a  1-per-cent 
grade,  it  should  be  done,  unless  such  grades  occur  on  curves,  when 
the  proper  reduction  in  rate  should  be  made.  These  remarks  apply 
to  all  of  the  grades  shown  on  both  sides  of  the  summit.  It  will  be 
noticed  that  in  all  of  the  grades  shown  on  the  profiles  there  is  only 
one  grade-line — namely,  from  p  to  A,  which  is  52.8  feet  per  mile — 
that  is  not  well  within  this  maximum  rate.  Since  this  is  the  case, 
the  simple  question  would  be  which  of  the  two  main  lines  shown 
on  Fig.  26  should  be  adopted.  The  length  of  the  upper  line  meas- 
ured horizontally  is  1^  miles  the  longer,  as  shown  by  the  distance 
between  N  and  i\ron  the  two  lines.  With  the  exception  of  the  one 
heavy  grade,  which  could  also  be  used  on  a  portion  of  the  upper 
line,  the  grades  do  not  materially  ditfer.  The  cost  of  construction 
apparently  would  not  be  materially  different.  The  difference  in 
length  is  not  material;  and  unless  the  alignment  of  one  of  the  lines, 
having  fewer  and  easier  curves,  is  much  better  than  the  other,  there 
would  seem  to  be  no  special  reason  for  selecting  the  one  over  the 
other.  The  upper  of  the  two  lines  was  adopted.  It  admitted  of 
somewhat  easier  grades  for  the  same  amount  of  excavation  and 
embankment,  and  the  lower  line  after  reaching  the  bottoms  near 
the  point  o  required  longer  trestles  and  bridge  spans,  as  it  crossed 
the  creeks  nearer  their  mouths,  and  much  of  the  bottom-lands  along 
the  creeks  were  flooded  in  high  water.  The  upper  line  shown  on 
Fig.  27  is  from  two  to  three  miles  shorter  than  either  of  those 
shown  on  Fig.  26 ;  it  also  has  more  uniform  and  easier  grades,  and 
less  amount  of  work,  unless  the  lower  portion  of  the  line  is  so  de- 
pressed as  to  require  high  trestles  and  bridges,  with  greater  lengths 
in  order  to  place  ih»  line  above  high-water  mark. 

The  foregoing  map,  profiles,  and  descriptions,  though  made  from 
memory  and  general  impressions  of  conditions,  represent  fairly  well 
those  actually  existing,  and  fully  illustrate  the  principles  involved 
and  their  usual  practical  applications. 

Fig.  28  is  drawn  to  show  the  method  of  locating  on  a  contour- 
map  a  line  that  shall  have  a  uniform  gi-ade;  the  rate  adopted  in 
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this  case  is  5  feet  per  mile^  or  20  feet  per  each  4  miles,  or  1  inch  on 
the  scale  adopted.  The  dotted  line  commencing  at  A,  Fig.  25, 
corresponding  to  this  condition,  is  traced  out  as  follows:  as  ^  is 
taken  on  the  30-foot  contour,  and  the  next  is  the  50-foot  contour, 
the  difference  being  20  feet,  it  is  only  necessary  to  move  a  scale 
pivoting  at  the  point  A  until  the  1-inch  point  or  division  intersects 
the  50-foot  contour  at  the  point  1;  then  draw  a  line  from  ^  to  1. 
As  the  next  contour  is  the  100-foot  one,  a  difference  of  level  of  50 
feet  exists,  which  corresponds  to  2^  inches  on  the  scale.  It  will 
not  be  usually  practicable  to  draw  a  straight  line  of  this  length  that 
will  not  cross  the  100-foot  contour.  It  will  therefore  be  necessary 
to  trace  a  line  with  the  free  hand,  gradually  rising  towards  the 
contour,  but  not  crossing  it.  This  will  give  a  meandering  line  of 
2J  inches  in  length,  every  portion  of  which  is  between  the  two  con- 
tours, the  rear  extremity  1  resting  on  the  50-foot  and  the  forward 
on  the  100-foot  contour  at  the  point  2.  Similarly  for  each  2^ 
inches,  extending  from  the  100-foot  at  2  to  the  150-foot  contour  at 
3,  from  3  to  4  on  the  200-foot  contour,  and  so  on  to  the  point  7 
near  the  top  and  right-hand  comer,  as  shown  by  the  broken  line 
A,  1,  2,  3,  4,  5,  6,  7.  This  simfily  gives  a  line  on  the  surface,  and 
necessarily  gives  a  great  length  of  line. 

If  a  straight  line  2^  inches  be  made  to  rest  with  its  extremities 
on  adjacent  contours,  it  will  usually  cross  other  contour-lines,  and 
to  bring  it  to  a  uniform  grade  or  slope  a  certain  amount  of  excava- 
tion and  embankment  will  be  required.  A  combination  of  these 
two  processes  is  usually  resorted  to  when  it  is  required  to  locate  a 
highway  or  railway  on  a  given  rate  of  grade.  It  is  a  mere  question 
of  balancing  the  cost  of  construction,  operating,  and  maintenance 
on  a  long  line  with  small  amounts  of  work,  and  a  shorter  line  with 
greater  amounts  of  excavation,  embankments,  bridges,  etc. 

The  light  grade  of  5  feet  per  mile  was  adopted  to  explain  the 
methods.  Grades  for  railways  go  as  high  as  from  20  to  80  feet  per 
mile,  or  from  0.379  to  1.51  feet  per  100  feet;  and  for  highways  from 
1  to  5  feet  or  more  in  100  feet,  equivalent  to  from  52.8  to  264.0  or 
more  feet  per  mile. 

The  usual  scale  adopted  in  constructing  profiles  for  railways  is, 
for  the  horizontal  distances,  400  to  500  feet  to  the  inch,  and  for 
the  vertical  scale,  20  feet  to  the  inch. 

39.  Making  a  profile  simply  from  the  level-notes  as  taken  along 
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any  given  line  is  similar  in  every  respect  to  the  above.  Horizontal 
distances  equal  to  the  intervals  from  point  to  point  are  first  sealed 
on  a  horizontal  line,  and  verticals  are  drawn  at  the  points  of  division 
to  the  adopted  scale  representing  the  surface  elevations  at  these 
points.  A  line  traced  through  their  upper  extremities  gives  the 
undulations  of  the  ground  along  the  line. 

The  regular  distances  horizontally  are  100  feet.  Any  abrupt 
changes  in  elevation,  such  as  rises  or  depressions,  ditches,  banks  of 
streams  and  their  beds,  when  practical,  are  noted,  and  placed  at  their 
proper  positions  with  respect  to  the  regular  stations.  Grade-lines 
are  then  tried  and  established  according  to  the  principles  and  re- 
quirements already  explained.  The  following  are  examples  of  the 
usual  methods  of  keeping  the  field-notes.  The  more  common  form 
is  that  known  as  the  height-of-instrument  method. 

It  will  be  noticed  that  the  first  entry  is  the  elevation  of  the 
bench-mark,  105.00,  in  the  column  headed  Surface  Heights.  The 
instrument  being  set  up  at  some  suitable  point,  so  that  the  line  of 
sight,  when  the  axis  of  the  telescope  is  horizontal,  will  pass  above 
the  bench-mark,  the  reading  of  the  rod  on  this  point  1.31  foot,  the 
line  of  sight  may  be  forward  or  rearward  with  respect  to  the  line.  It 
is,  however,  usually  called  a  back-sight,  more  properly  a  plus  sight. 
This  reading  is  entered  in  the  column  of  back-sights.  Adding  1.21 
to  the  elevation  of  the  bench-mark,  it  gives  106.21,  which  is  called 
the  height  of  the  instrument.  This  means  that  the  axis  of  the  tele- 
scope is  106.21  feet  above  a  fixed  datum-plane,  which  remains  fixed 
with  respect  to  any  point  of  the  line.  The  rod  is  then  held  at  sta- 
tions 50,  51,  52,  53,  54,  and  at  the  points  +  15,  +  25,  +  35,  +  CO, 
marking  the  banks  and  bed  and  surface  of  the  creek.  All  of  these 
readings  on  the  rod  are  recorded  in  the  column  of  Fore-sights,  or 
more  properly  Minus  sights,  as  the  direction  in  which  the  sights 
are  taken  is  immaterial.  These  rod  readings  deducted  from  the 
height  of  the  instrument  give  the  surface  heights  of  the  ground 
above  the  same  datum-plane.  These  differences  are  recorded  in 
the  column  of  Surface  Heights.  The  last  reading,  being  only  0.51 
foot,  shows  that  the  line  of  sight  which  must  be  maintained  in  a 
horizontal  direction  is  about  to  intersect  the  ground  surface,  and 
no  further  readings  of  the  rod  can  be  taken,  as  the  ground  is  still 
rising.  It  then  becomes  necessary  to  move  the  instrument  forward. 
To  keep  up  a  continuous  line  with  reference  to  the  datum-plane,  a. 
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tuming-poiiit  is  taken,  that  is,  a  stake  or  peg  is  driven  into  the 
ground  firmly;  this  is  really  a  temporary  bench-mark.  As  in  this 
case  it  is  driven  at  station  5,  its  top  being  flush  with  the  surface  of 
the  ground,  the  reading  is  the  same  as  before,  0.51.  This  gives  for 
the  elevation  of  the  turning-point  105,70  feet.  The  instrument 
can  now  be  moved  forward  to  any  convenient  point,  set  up,  and 
levelled. 

The  first  reading  taken  with  the  rod  resting  on  the  turning- 
point  is  10.22,  which,  added  to  the  height  of  the  turning-point, 
gives  105.70  +  10.22  =  115.92  feet  above  the  same  datum-plane 
for  a  new  height  of  instrument.  Foresights  are  now  taken  to  other 
stations;  the  readings  subtracted  from  the  new  height  of  instrument 
give  the  surface  heights  as  before.  When  necessary  another  turn- 
ing-point is  taken,  the  instrument  moved  forward,  and  the  same 
operations  repeated.  Even  when  the  rise  or  fall  of  the  ground  does 
not  necessitate  a  turning-point,  they  should  be  taken  at  intervals 
of  400  to  600  feet  from  the  instrument  for  accurate  work.  The 
readings  on  the  turning-points  are  always  taken  to  hundredths  of 
JSL  foot,  and  often  to  thousands,  as  any  error  or  inaccuracy  made  on 
these  points  will  be  carried  throughout  the  length  of  the  line.  The 
readings  on  the  intermediate  points  are  taken  only  to  tenths  of  a 
foot,  as  this  reading  only  affects  the  one  point.  Just  here,  however, 
is  the  only  objection  to  this  method  of  levelling.  There  is  no 
method  of  con*ecting  the  error  in  readings,  and  incorrect  elevations 
are  often  obtained.  Consequently  some  engineers  prefer  the 
method  of  keeping  notes  known  as  by  the  column  of  differences,  as 
follows :  Each  sight  is  a  fore-sight  to  the  preceding  and  a  back-sight 
to  the  following  one,  and  treated  alternately  as  a  plus  and  minus 
sight;  for  instance,  between  stations  50  and  55.  -+-  1.21  —  5  =  — 
3.79;  -f  5  -  4.2  =  +  0.8;  +  4.2  -  4  =  +  0.2;  +  4  -  3.5  =  +  0.5; 
-i-  3.5  -  3  =  +  0.5;  -f  3.0  -  5  =  -  2;  -f  5  -  10  =  -  5;  +  10  - 
5  =  4-  5.0;  +  5  -  2.5  =  +  2.5;  +  2.5  -  0.51  =  +  1.99. 

Now  it  is  evident  that  the  algebraic  sum  of  these  differences, 
added  to  the  first  elevation,  105.00,  must  give  the  last  105.70,  or 
-  3.79  +— 2-f-5=-  10.79,  and  -f  0.8  +  0.2  -f-  0.5  +  0.5  + 
5.0  -f  2.5  +  1.99  =  +  11.49.  -f  11.49  -  10.79  =  +  0.70  and  105.00 
-f-  0.70  =  105.70  feet.  This  prevents  either  error  on  the  turning- 
points  or  on  any  intermediate  station.  This  check  can  easily  be 
applied,  and  should  be  done  at  reasonable  intervals.     The  following 
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diagram.  Fig.  29,  shows  the  profile  made  from  the  preceding  table 
of  level  notes.  The  diagram  shows  the  usual  form  of  profile-paper. 
The  vertical  lines  are  100  feet  apart  horizontally,  and  the  station 
numbers  are  marked  at  the  bottom;  every  tenth  vertical  is  a  heavy 
line  to  facilitate  keeping  station  numbers  consecutively.  Perpen- 
dicular to  these  are  a  series  of  horizontal  lines  spaced  1  foot  verti- 
cally, every  fifth  line  made  heavy  and  every  twenty-fifth  line  still 
heavier  to  aid  in  counting  off  feet  of  elevation.  The  bottom  line 
may  be  either  the  datum-plane  or  any  plane  parallel  and  above  it ; 
for  economy  of  space  it  is  taken  at  an  elevation  of  95  feet  above 
the  datum  in  the  diagram.  At  station  50  the  elevation  is  101.2 ;  a 
dot  is  made  on  the  101  line  above  station  50.  At  station  51  it  is 
102;  a  dot  is  made  on  the  102  line.  At  station  3  it  is  102.7;  a  dot  is 
made  between  lines  102  and  103;  and  at  station  60  a  dot  between 
lines  113  and  114,  to  indicate  an  elevation  of  113.7  feet.  And  so  on 
for  each  station,  and  such  ravines,  ditches,  or  rises  as  are  seen  be- 
tween stations  54  and  55,  61  and  62,  67  and  68,  and  72  and  73.  No 
matter  how  long  the  line,  the  profile  is  constructed  as  shown  above. 
By  the  aid  of  the  lines  on  the  profile-paper  the  work  is  carried  on 
rapidly.  The  grade  elevation  at  station  50  is  105.21 ;  it  rises  then  on 
a  0.5  grade  to  station  54,  where  it  is  107.21 ;  then  on  a  0.25  grade  to 
station  56,  where  it  is  107.71 ;  then  on  a  1-foot  grade  to  63,  where  it  is 
114.71;  then  on  a  descending  grade  of  0.6  to  station  67,  at  which  it 
is  112.31;  then  on  a  rising  0.8  grade  for  50  feet,  and  from  there  to 
the  end  on  a  +  1.0-foot  grade.  The  proper  elevations  at  these 
points  being  marked,  straight  lines  joining  them  gives  the  grade- 
lines.  The  distances  between  these  lines  and  the  surface-lines 
show  the  cuts  or  fills,  as  recorded  in  the  last  column  of  the  notes. 
The  grade-line  as  established  does  very  well,  except  between  c  and 
b.  This  gives  some  heavy  cutting,  relatively  speaking.  The  hori- 
zontal scale  being  small  as  compared  with  the  vertical  scale,  makes 
the  profile  appear  more  undulating  than  really  exists.  A  uniform 
grade  from  a  to  b  would  diminish  the  cutting,  but  would  increase 
the  filling  and  the  heights  and  cost  of  the  trestle  and  bridge  re- 
quired between  c  and  d;  which  is  the  better  to  adopt  is  mainly  one 
of  cost.  The  better  grades  would  be  obtained  by  adopting  that 
direct  from  a  to  b.  Grade  heights  must  always  be  calculated  from 
point  to  point,  and  not  scaled  from  the  profile.  To  find  the  grade 
height  at  station  61,  Fig.  39:  At  the  point  of  change  in  that  grade- 
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liue^  the  elevation  is  107.71  at  station  56^  the  distance  is  500  feet 
and  the  rate  of  grade  is  1  foot  per  100  feet;  hence  5  feet  added  to 
107.71  gives  112.71  for  elevation  of  grade  at  station  61. 


PBACTICAL  EXAMPLES. 

« 

40.  So  much  depends  upon  the  determination  of  the  proper 
grades  and  curves^  that  the  success  of  the  enterprise  depends  to  a 
great  extent  upon  their  proper  application  in  the  location  of  a  rail- 
way or  a  highway.  On  the  one  hand,  we  may  expend  so  much  on 
securing  light  grades  and  easy  curves  that  the  business  of  the  road 
will  never  pay  the  interest  on  the  first  cost;  and,  on  the  other  hand, 
with  excessively  steep  grades  and  sharp  curves  the  cost  of  operating 
will  consume  the  entire  income.  These  are  the  extreme  conditions. 
A  proper  location  provides  for  curves,  grades,  and  costs  of  con- 
structing and  operating  between  these  extremes.  Although  we  may 
not  be  able  to  exactly  reconcile  and  balance  these,  in  many  respects, 
conflicting  conditions  and  requirements,  we  can  in  some  degree 
reach  an  approximately  satisfactory  result,  and  determine  the 
bearing  and  influence  of  the  one  upon  the  other,  based  upon  a  set 
of  conditions  approximately  true.  Assuming  that  the  line  is  straight 
and  level,  weather  favorable,  and  track  and  rolling  machinery  in 
fair  order,  the  resistance  on  a  level  increases  with  the  square  of 
the  speed.  For  different  velocities  we  have  from  equation  (30)  the 
following  resistances : 

and  from  equation  (31)  the  resistances  arising  from  grades: 

BC 


r=:  W 


AC 


From  this  we  can  find  the  rate  BC  per  mile  necessary  to  double 
any  resistance  on  a  level  at  any  given  velocity: 

rxAC{^\  mile  =  5280^) 
^^  -      H'(=  1  ton  =  2240  lbs.    ' 
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Table 

I. 

Velocity, 
miles  per 

V,  in 
hour. 

Resistance, 
Id  lbs.  per  i 

ton. 

Rise  per 
to  double 

mile,  BC7.  in  feet 
resistance  (r  =  B), 

15 

9.32 

21.97, 

r=    9.32 

20 

10.34 

24.37, 

r  =  10.34 

25 

11.65 

27.46, 

r  =  11.65 

30 

13.26 

31.25, 

r  =  13.26 

40 

17.36 

40.92, 

r  =  17.36 

50 

22.62 

53.32, 

r  -  22.62 

60 

29.17 

68.75, 

r  =  29.17 

From  this  table  it  is  seen  that  with  a  speed  of  25  miles  per 
hour  it  requires  a  grade  of  27.46  feet  per  mile  to  double  the  resist- 
ance, or  about  a  0.5-per-cent  grade;  but  with  a  speed  of  60  miles 
per  hour  it  requires  a  grade  of  68.75  feet,  or  a  1.3-per-cent  grade. 
In  other  words,  the  greater  the  velocity  the  steeper  is  the  grade 
to  require  a  double  expenditure  of  power.  If,  then,  we  find  the 
power  required  to  move  a  given  train  one  mile  on  a  level  road,  and 
the  equivalent  ascent  which  requires  an  equal  expenditure  of  power, 
and  divide  this  into  the  total  rise  on  the  line,  we  find  additional 
length  allowable  in  order  to  avoid  the  grade,  or  the  equivalent 
length  on  a  level.  If,  as  in  Figs.  25  and  27,  we  have  a  total  rise  of 
350  —  30  =  320  feet  in  25.5  miles,  we  could  at  a  speed  of  30  miles 
per  hour  afford  to  increase  the  length  of  the  line,  so  far  as  power 

320 
consumed  is  concerned,  by       ^    =  10.24,  or  lOJ  miles,  or  lengthen 

the  line  to  35f  miles,  if  by  so  doing  we  could  avoid  altogether  the 
grade.     This  is  usually  called  Equating  for  Grades. 

41.  Although  this  gives  a  length  proportionate  to  the  power 
expended,  it  does  not  give  a  length  proportionate  to  the  money 
expended  in  developing  that  power.  As  the  operating  expenses 
are  not  directly  proportional  to  the  power  expended,  the  fuel  used 
may  be  taken  as  proportional  to  the  power  exerted.  The  wear  and 
tear  is  greater  upon  grades  than  on  a  level.  The  fixed  charges, 
such  as  salaries  of  officers  and  laborers,  cost  of  station-houses,  and 
the  like,  are  not  materially  affected  whether  the  road  is  level  or  has 
grades. 

It  is  therefore  necessary  in  equating  for  grades  to  know  the  portion 
of  the  total  cost  properly  chargeable  to  the  grades.    So  long  as  the 
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grades  do  not  necessitate  a  reduction  in  the  number  of  cars  hauled, 

or  in  the  usual  lengths  of  the  trains,  this  proportion  of  the  total 

cost  has  been  taken  at  about  one  sizth,  and  the  allowable  increase 

of  length  of  line  would  in  this  case  be  only  i  of  lOi  =  1.71  miles, 

which  is  equivalent'to  multiplying  the  numbers  in  the  third  column 

of  the  preceding  table  by  six  before  dividing  into  the  total  rise; 

that  is,  for  a  speed  of   30  miles  and  rise  of  320  feet  we  have 

320 
z — ^,  t^    =  1.71  miles,  and  similarly  for  other  velocities.     But  if 

the  grades  are  over,  say,  70  feet,  and  it  is  desirable  to  maintain  an 

average  speed  of  30  miles  per  hour,  a  larger  percentage  of  the  total 

cost  would  be  chargeable  to  grades,  say  one  half;  then  the  increase 

320 
of  length  would  be  i  X  lOi  =  5^  miles  =  =  5.12  miles. 

^    X   ol«y»0 

These  proportions  of  one  sixth  and  one  half  the  total  costs  are 
merely  used  to  explain  the  principles.  In  any  given  case  their 
proper  values  should  be  found  from  roads  already  running  on  sim- 
ilar conditions  to  the  one  under  consideration.  A  descending  grade 
reduces  the  engine  expense^  and  if  it  is  on  the  same  slope  as  the  angle 

2378' 
Stunmit 


Fig.  30. 

of  repose — which  may  be  taken  at  ^^,  see  Par.  31,  or  about  18.9 
feet  per  mile,  or  rather  somewhat  greater,  say  22  feet,  the  steam 
being  practically  shut  off  entirely,  the  train  descending  by  gravita- 
tion alone — there  is  saved  fuel  sufficient  to  haul  the  train  one  mile 
upon  a  level.  We  might  therefore  deduct,  say,  i  mile  from  the 
measured  length  for  each  mile,  and  for  grades  less  than  22  a  pro- 
portionate amount,  assuming  that  one  eighth  of  the  charge  arises 
from  the  grade  of  22  feet  per  mile  or  over;  that  is,  any  grade  over 
22  feet  is  simply  considered  as  if  reduced  to  22  feet.  But  for  a 
grade  under  22  feet,  say  20  feet,  the  deduction  would  be  ^  x  fj. 
But,  considering  the  increased  wear  and  tear,  it  is  as  well  not  to 
allow  anything  at  all  on  descending  grades.  The  following  ex- 
ample, however,  allows  for  both  ascending  and  descending  grades. 
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At  the  speed  of  30  miles  per  hour  the  divisors  for  the  total 
rises  going  from  -4  to  ^  would  be  2  x  31.25,  4  X  31.25,  and 
6  X  31.25  for  the  79.2,  40,  and  10  feet  rates  of  grade,  respectively. 
We  then  have 

/     2376  400  120      x 

■^  \2  X  31.25  "^  4  X  31.25  "^  6  X  31.25/ 

=  100  +  41.84  -  5.77  =  136.07  miles 

for  the  equated  length  going  from  ^  to  ^.  And  in  going  from 
Bio  A, 

.00   1    /      650  375  400      \ 

"^  \3  X  31.25  "^  4  X  31.25  "^  6  X  31.257 

=  100  +  11.06  -  4.68  =  106.38, 

and  the  mean  of  the  two  is  121.22  miles.  And,  leaving  out  of 
consideration  any  saving  or  benefit  from  descending  grades,  the 
equated  length  =  126.45  miles. 

42.  When  practicable,  the  grades  should  be  so  arranged  that 
they  shall  be  as  easy  as  possible  on  that  slope  of  the  dividing  ridge 
facing  the  direction  of  the  heaviest  traffic,  and  they  may  be  much 
stee'per  on  the  opposite.  This  is  indicated  in  Fig.  30  by  assuming 
the  heaviest  traffic  to  be  carried  from  ^  to  ^ ;  the  length  of  the 
line  is  increased  between  B  and  the  summit  C,  and  between  C  and 
A  the  line  is  shorter,  but  has  steeper  grades. 

Assuming  the  tractive  force  of  an  engine  to  be  19,200  pounds, 
and  the  resistance  on  a  level  to  be  10  pounds  per  ton.  Then  the 
total  resistance  on  the  50-foot  grade  going  from  B  to  C  will  be 

50 
r  =  2240  X  ggg^  +  10  =  21.2  +  10  =  31.2, 

and  on  the  79.2  grade  from  Cio  A 

r'  =  2240  X  ^^  +  10  =  33.8  +  10  =  43.8  pounds  per  ton, 
or  31  and  44,  respectively. 


76  TRACTIVE   POWER   OF  LOCOMOTIVES. 


19200 
The  same  engine,  then,  could  carry  — -j —  =  620  tons  from  B  to 

19200 
C  and  only  ■  =  440  tons  from  A  to  C,     If,  then,  we  assume 

that  the  train  weight,  or  dead  load,  is  440  tons,  the  engine  could 
carry  a  live  or  paying  load  of  620  —  440  =  180  tons  going  from  B 
to  Ay  but  could  only  carry  the  empty  cars  back  from  A  to  B, 

The  tractive  power  of  a  locomotive  depends  both  upon  its 
steam-producing  capacity  and  the  adhesion  arising  from  the  weight 
on  the  drivers.  Even  with  ample  weight  and  adhesion  long  steep 
grades  might  be  beyond  the  steam-producing  capacity  of  the  engine, 
and  it  may  therefore  be  better  to  put  steep  grades  on  short  lengths 
of  road  than  overcome  the  same  differences  of  level  by  less  steep 
grades  on  greater  lengths.  Where  the  steeper  grades  can  be  con- 
centrated on  certain  divisions  stronger  and  more  powerful  engines 
can  be  used  on  those  portions.  It  has  been  found  that  on  descend- 
ing grades  of  1  in  100,  down  which  a  train  is  running  freely,  the 
maximum  velocity  acquired  will  not  be  much  over  40  miles  per 
hour. 

The  power  developed  in  the  steam-cylinders  and  transferred 
to  the  circumference  of  the  wheel  is  usually  called  traction;  its 
amount  depends  upon  the  diameter  of  the  cylinder,  the  mean 
pressure  of  the  steam  on  the  piston,  and  the  length  of  the  cylinder 
or  the  stroke  of  the  piston,  and  the  diameter  of  the  drivers. 

Drivers  of  large  diameter  are  generally  used  for  light  loads  and 
high  speeds.  The  engine  should  be  capable  of  producing  large 
quantities  of  steam  of  little  density,  and  the  stroke  of  the  piston 
should  be  short. 

With  slow  speed  and  heavy  trains  steam  of  greater  density  and 
long  stroke,  with  small  wheel  diameters,  are  required. 


RESIBTANOB  FROM  CURVATURE. 

48.  The  resistance  produced  by  curves  to  the  motion  of  a  rail- 
way train  depends  upon  the  length  of  the  radius,  the  gauge  of  the 
track,  the  size  of  the  wheels  and  form  of  tread  of  the  tires,  the  con- 
ing of  the  wheels,  and  elevation  of  the  outer  rail. 

We  have  already  seen  that  the  resistance  from  curvature  is 
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inversely  as  the  radius;  in  other  words,  the  resistance  in  running 
one  mile  of  a  1°  curve  is  the  same  as  in  running  one  half  a  mile  of 
a  2**  curve;  and  also,  that  the  resistance  on  a  10°  curve,  having  a 
radius  of  573  feet,  at  a  speed  of  20  miles  per  hour  is  about  double 
that  upon  a  straight  line,  or  about  equal  to  that  on  a  24-foot  grade; 
that  is,  as  much  power  is  consumed  in  running  over  a  10°  curve 
one  mile  long  as  is  necessary  to  haul  the  same  train  two  miles  upon 
a  level  straight  line.  The  complete  circumference  of  a  10°  curve 
is  27rr  =  2  X  3.1416  X  573  =  3600  feet,  which  contains  360°  of 
arc;  hence  3600'  :  5280'::  360°  :  528°,  which  is  the  number  of  de- 
grees of  arc  in  the  length  of  a  mile,  and  is  the  number  of  degrees 
of  arc  consuming  power  enough  to  draw  a  train  one  mile  on  a 
straight  and  level  road.  Theoretically  this  is  independent  of  the 
length  of  the  radius,  that  is,  the  flatness  or  sharpness  of  the  curve, 
and  of  the  length  of  the  curve. 

Practically,  however,  it  is  evident  that  a  number  of  long  easy 
curves  distributed  over  a  long  line  of  road  may  oppose  an  inappre- 
ciable resistance,  whereas  the  same  number  of  degrees  of  arc  placed 
in  short  sharp  curves,  simple  or  compound  or  reversed,  might 
oppose  very  great  resistances  of  a  momentary  nature.  In  equating 
for  curvature,  therefore,  on  any  given  line  such  conditions  should 
be  weighed  and  considered. 

Owing  to  the  greater  wear  and  tear  of  machinery  on  curves  as 
compared  with  the  same  on  grades,  we  increase  the  cost  of  operat- 
ing more  in  doubliug  the  resistance  on  curves  than  we  do  on 
grades.  If,  then,  a  mile  of  road  contains  528°  of  curvature  doubling 
the  power  required  and  involving  25  per  cent  more  cost  of  mainte- 
nance and  operating,  the  equating  number  instead  of  being  528° 
wiU  be  ^Y  X  ^2^  =  2112°  for  curvature  at  a  speed  of  20  miles  per 
hour.  Since  the  resistance  on  a  straight  line  varies  with  the  speed, 
a  different  radius  or  degree  of  curve  will  be  necessary  to  double 
the  resistance.  R  :  R'  ::r'  :r;  that  is,  the  radii  will  be  inversely 
as  the  resistances.  From  this  the  column  3,  headed  Radii,  Table 
II,  are  obtained.  The  speed  and  the  resistances,  columns  1  and 
2,  are  the  same  as  in  the  preceding  table  for  equating  for  grades. 
Column  4  headed  is  obtained  from  R  (column  3  )  x  27r  :  5280  :: 
360° :  X,  the  corresponding  number  of  degrees.  The  equating 
numbers  in  column  5  are  found  by  multiplying  the  numbers  in 
column  4  by  ^^  =  4.     We  then  construct  the  following  table: 
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Table  II. 

Speed  in  miles    Resistance  in    Radii  of  Curves    Number  of    Equating  num- 
per  hour.         lbs.  per  ton.         to  Double  Degrees       ber  in  Degrees. 

Resistance.         per  mile. 

15  9.32  636  476  1904 

20  10.34  573  528  2112 

25  11.65  508  595  2380 

30  13.26  447  677  2708 

40  17.36  341  888  3552 

50  22.62  262  1155  4620 

60  29.17  203  1490  5960 

For  20  miles  per  hour  on  a  10*"  curve  R'  =  573  feet,  and  for  15 
miles  per  hour  R:R'  ::  1034  :  9.32;  .-.  R  =  636,  nearly;  and  for  25 
miles  i?  :/?'::  10.34  :  1165, .'.  R  =  508,  nearly;  and  similarly  for 

other  speeds. 

««^     o.^o  5280  X  360        302521  ,         . 

R  X  2;r:  5280::  360°:  x  =  »  ^  o  i^i^p  =  — ^—  =  number  of 

2  X  3.1416it  R 

302521 
degrees  per  mile,  .-.  jc  =  =  476°  for  speed  of  15  miles  per 

302521 
hour  and  x  =     ,^,     =  528°  for  20  miles,  and  so  on.    If,  then,  a 

573 

line  of  100  miles  in  length  has  7000  degrees  of  curvature,  and  the 

'^'000 

speed  is  to  be  30  miles  per  hour,  the  equated  length  is  100  +  jrjr^ 

=  102.58  miles.  To  make  the  comparison  between  the  cost  of 
construction,  maintenance,  and  operating  of  two  roads,  it  is  only 
necessary  to  capitalize  the  annual  cost  of  operating  and  mainte- 
nance at  6  per  cent  and  add  it  to  the  cost  of  construction.  If  the 
equated  lengths  of  two  roads,  respectively  90  and  100,  are  respec- 
tively 120  and  110  miles,  and  the  cost  of  construction  is,  respec- 
tively, $50,000  and  $30,000  per  mile,  and  the  operating  and  main- 
taining charges  are  $4000  per  mile,  annually,  for  the  equated 
lengths,  the  equivalent  outlay  on  the  two  lines  will  be 

90  X  50000  +  120  X  4000  X  ^^  p.c.  =  $12,500,000; 

100  X  30000  +  110  X  4000  X  •  },-  p.c.  --=  $10,333,333. 

0/100 
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Aasuming  that  the  most  economical  grades  and  curves  have 
been  adopted  for  any  number  of  lines  or  routes  between  the  two 
termini,  that  one  will  be  the  best  on  which  the  sum  of  the  cost  of 
construction  and  annual  expense  of  operating  and  maintaining  are 
the  least. 

To  find  the  value  of  saving  a  mile  on  any  route,  divide  the 
sum  of  the  annual  operating  expenses  and  interest  on  cost  of  con- 
struction by  the  rate  of  interest,  and  this  quotient  by  the  length  of 
the  line  in  mile^.  This  value  varies  so  greatly  with  the  amount  of 
traffic,  that  the  result  determined  at  one  period  would  not  apply 
to  another.  Mr.  Vose  states  that  when  the  Pennsylvania  Railway 
was  built  a  mile  of  distance  saved  was  valued  at  153,000,  or  $10  a 
foot;  it  has  come  to  be  valued  under  the  traffic  of  the  year  1883  at 
$433,000.  The  values  of  grades  and  curves  would  also  increase. 
Assuming  that  a  grade  of  24  feet  per  mile  and  a  curve  of  10°  cause 

24 
an  equal  resistance  of  10  pounds  per  ton,  then  ^t;  =  2.4  feet  per 

mile  per  degree  of  curvature  gives  the  proper  reduction  of  grade 
in  order  that  the  resistance  may  be  uniform.  Then  for  a  2°  curve 
or  radius  of  2865  feet  the  reduction  in  grade  on  such  a  curve 
should  be  4.8  feet  per  mile;  for  a  10°,  radius  573  feet,  the  reduction 
should  be  24.0  feet  per  mile;  for  a  4°,  and  6°  curve,  radius  1432  and 
955  feet,  the  reduction  in  rate  of  grade  per  mile  would  be  9.6  and 
14.4  feet,  respectively. 

Although  the  above  practical  application  of  principles  may  not 
be  accurate  or  reliable  under  varying  conditions,  yet  their  accuracy 
will  be  reliable  in  proportion  to  the  accuracy  of  the  data  upon 
which  they  are  based.  They,  however,  indicate  the  lines  upon 
which  such  determinations  are  to  be  made,  and  are  therefore  of  great 
importance.  The  haphazard  way  in  which  many  of  our  most  im- 
portant roads  are  located  and  constructed  always  eventuates  in 
large  expenditures  to  relocate  and  reconstruct  roads  improperly 
located  and  constructed  in  the  beginning.  It  is  true  that  it  has 
often  been  the  case  that  the  roads  could  not  have  been  constructed 
at  all  if  considerations  of  economy,  motive  power,  grades,  and 
carves  had  been  carefully  balanced  and  adjusted  in  the  beginning, 
cheapness  and  rapidity  alone  having  been  considered;  adjust- 
ment of  these  conflicting  relations  and  conditions  being  left 
until  the  business  of  the  road  had  been  developed  and   become 
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remunerative.  Such  methods  of  location  and  construction  are 
doubtless  inevitable  and  necessary  in  the  earlier  enterprises,  but 
as  conditions  are  settled  down  to  normal  and  uniform  relations 
it  becomes  a  matter  of  great  importance  to  weigh  them  all  and 
carefully  and  to  approximate  in  the  beginning  to  the  best  locations 
and  methods  of  construction. 

By  spending  a  little  more  money  in  surveys  on  lines  and  in  care- 
ful and  extended  topographical  surveys,  and  in  more  careful  com- 
parisons as  to  cost  of  constructing  and  operating  different  routes 
between  the  same  terminals^  we  may  locate  on  the  best  route^  and 
even  where  temporarily  steep  grades  and  sharp  curves  are  adopted, 
from  economical  considerations,  on  a  few  short  stretches  of  the 
line,  a  good  portion  of  it  may  be  located  on  the  best  route,  by  due 
consideration  of,  and  balancing,  the  foregoing  conditions. 


ART.  VII. 
RESISTANCE  TO  TRACTION  ON  HIGHWAYS. 

44.  The  following  discussion  on  the  subject  of  resistance  to 
traction  is  taken  substantially  from  Mr.  Austin  T.  Byrne's  (C.E.) 
most  interesting  and  instructive  work  on  Highway  Construction, 
to  which  the  student  is  referred  for  a  more  full  discussion  of  this 
important  subject. 

The  resistance  to  traction  on  highways  is  caused :  1st.  By  the 
want  of  uniformity  in  the  surface  of  the  road.  The  weight  has  to 
be  lifted  over  inequalities,  projecting  points,  and  out  of  ruts :  these 
diminish  the  effective  load  which  the  horse  can  draw  to  that  which 
it  can  lift. 

2d.  By  the  want  of  strength  and  firmness  in  the  road-bed.  If 
its  foundation  yields  under  the  pressure  of  the  wheels,  the  horse  is 
constantly  attempting  to  lift  the  load  out  of  the  hollow ^or  depres- 
sion; but  the  fulcrum,  instead  of  being  fixed  as  in  the  first  case,  is 
yielding  and  varying  in  position. 

The  first  case  is  shown  in  Fig.  31  and  the  second  in  Pig,  32. 
In  the  first  case  the  wheel  is  mounting  the  fixed  obstruction  Z>,  and 
in  the  second  it  has  sunk  into  the  soil,  compressing  it  forwards  and 
sideways  as  the  wheel  moves  forward. 
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The  solation  of  the  first  problem  is  simply  one  of  the  balance 
of  moments.  Let  P  =  the  force  just  sufficient  to  balance  the 
weight  on  the  point  D^W^  the  weight;  their  respective  lever-arms 


Fig.  82. 


with  respect  to  an  axis  at  D  being  ED  =  BC=  x,  and  CE=: 
BD  =  y.    Then 

Paj=Fy;    aP  =  ^=  ^n^'"if'      •    •    (32) 

^  -a  —  AB 

Let  the  radius  22  =  26  inches,  the  vertical  height  of  the  ob- 
stacle =  AB  =  4  inches,  and  the  total  weight  W=.  500  pounds. 
Then 


p  =  500  ^^'^^  ""  ^^^  =  314.8  pounds. 
26  —  4  ^ 


The  pressure  at  the  point  D  is  the  resultant  of  P  and  W,  Repre- 
senting P  by  CEy  W  by  OjB,  then  the  pressure  F  will  be  repre- 
sented by  CDy  hence 


BCi  CD::  W:F; 


OD  26 

F=  W^=  500  ~  =  591  pounds. 


The  direction  of  the  draught  is  not  exactly  horizontal  and  the 
diameters  of  the  wheel  and  axle  are  not  considered.  The  solution 
is,  however,  practically  accurate.  Both  the  pressure  F,  striking 
suddenly  against  the  stone  or  other  obstruction,  and  the  weight 
dropping  from  the  stone  to  the  road-bed,  tend  to  destroy  the  road- 
bed, and  the  tendency  is  also  to  break  the  wheel  or  bend  the  axle. 
The  power  P  is  lessened  by  the  use  of  springs,  by  increasing  the 
diameter  of  the  wheels,  or  by  inclining  upwards  the  line  of  draught. 

The  resistance  caused  by  sinking  into  and  compressing  the  soil 
does  not  admit  of  as  close  and  accurate  computation,  owing  to  the 
unknown  and  indeterminate  conditions  existing,  and  certain  assump- 
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tions  as  to  the  nature,  amount,  and  directions  of  the  resistances 
have  to  be  made.  Referring  to  Fig.  32,  the  arc  AH  is  submerged; 
assuming  this  equal  to  the  chord  AH,  and  that  the  pressure  is  dis- 
tributed and  uniformly  varying  over  the  surface  AH,  its  intensity 
at  any  point  being  the  ordinate  of  a  triangle  whose  base  is  AH,  and 
being  zero  at  H,  the  surface,  and  greatest  at  A,  the  point  of  deepest 
penetration,  the  resultant  pressure  would  act  at  D,  a  point  one 
third  of  the  distance  AH  from  A.  The  point  D  is  the  centre  of 
resistance  and  pressure,  CD  will  be  the  resultant  of  the  load  CB 
and  the  tractive  force  CK.  CB  may  be  taken  without  sensible 
error  as  equal  to  CA  =  CD  =  B;  and  BD  =  iFH=  i  of  the 
semi-chord  of  submersion.    Then 

CBiBD::  W:  P;     .-.  P  =  W^^  =  W^^; 


FH^VEFxFA]    .:  P  =  iW^-^^^^^.      .    (33) 

Assuming  radius  of  wheel  =  26  inches,  diameter  52  inches,  and 
penetration  FA  =  4  inches,  then 

^iP  =  52  —  4  =  48  inches;       W  =  one  ton  =  2240  pounds. 
Substituting  in  equation. 


1  i^48  y  4 

P  =  -2240    ^/^     =  397.1  pounds  per  ton. 

O  /CD 

Such  formulae  are  necessarily  only  roughly  approximate  even 
when  applied  to  homogeneous  substances,  such  as  clay  and  sand. 

45.  Mr.  Morin's  conclusion  that  the  resistance  varies  inversely 
as  the  diameter  of  wheel,  that  is,  to  halve  the  resistance  double  the 
diameter  of  wheel,  does  not  seem  to  be  reliable.  M.  Dupuit  placed 
a  number  of  wheels  at  the  summit  of  an  inclined  plane,  at  the  foot 
of  which  was  a  horizontal  plane.  The  wheels  rolled  down  the 
inclined  plane,  and  were  allowed  to  come  to  a  state  of  rest  after 
expending  the  energy  acquired.  From  these  experiments  he  drew 
the  following  conclusions: 

On  macadamized  roads  in  good  condition,  and  on  uniform  sur- 
faces generally — 
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1st.  The  resistance  to  traction  is  directly  proportional  to  the 
pressure.  2d.  It  is  independent  of  the  width  of  the  tire.  3d.  It  is 
inversely  as  the  square  root  of  the  diameter.  4th.  It  is  independent 
of  the  speed. 

On  paved  roads  causing  constant  concussion  he  admits  that  the 
resistance  increases  as  the  speed,  and  that  it  is  diminished  hy  in- 
creasing the  width  of  the  tire  up  to  a  certain  limits  say  from  3  to  4 
inches  wide.     « 

Friction. — The  resistance  of  friction  arises  from  the  rubbing 
of  the  wheels  against  surfaces  with  which  they  come  in  contact. 
This  resistance  can  only  be  determined  by  experiment.  Friction  of 
the  axles  and  resistance  of  the  air  may  generally  be  neglected: 
their  effects  are  constant^  and  are  independent  of  the  imperfec- 
tions of  the  road. 

46.  The  destruction  of  the  road  is  greater  as  the  diameter  of 
the  wheels  are  less,  and  is  greater  with  vehicles  without  than  it  is 
with  springs. 

47.  Upon  soft  roads  of  earth,  sand,  turf,  or  roads  freshly  and 
thickly  gravelled,  the  resistance  to  traction  is  independent  of  the 
velocity. 

48.  The  comparative  ease  of  draught  depends  on  the  amount  of 
foothold  afforded.  The  tractive  force  is  influenced  by  the  diame- 
ter of  the  wheels,  the  friction  of  the  wheels  on  the  axles,  the  speed, 
as  well  as  by  the  resistances  of  the  road  surface. 

49.  All  estimates  on  the  tractive  power  of  horses  must  to  a 
certain  extent  be  vague.  The  draught  or  pull  which  a  good 
average  horse  weighing  1200  pounds  can  exert  an  a  level  smooth 
road  at  a  speed  of  2^  miles  per  hour  is  100  pounds,  equivalent  to 
22,000  foot-pounds  per  minute,  or  13,200,000  foot-pounds  per  day 
of  10  hours. 

The  tractive  power  diminishes  as  the  speed  increases,  and  ap- 
proximately from  f  to  4  miles  per  hour — nearly  in  the  inverse  pro- 
portion to  it. 

A  horse  on  a  level  is  as  strong  as  five  men;  on  a  grade  of  15  per 
cent  is  less  strong  than  three  men.  A  horse  can  exert  for  a  shoi't 
time  twice  the  average  tractive  force  throughout  a  day's  work.  If, 
then,  the  resistance  on  a  short  grade  does  not  exceed  twice  that 
on  a  level,  he  can  draw  his  full  load.  But  even  a  single  excessive 
grade  on  a  comparatively  level  road  will  limit  the  load  over  the 
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entire  distance.  The  surfaces  on  grades  are  more  worn  by  the 
horses'  feet  than  on  a  leyel^  requiring  thicker  covering  and  increased 
cost  of  construction.  In  winter  the  surfaces  become  slippery^ 
causing  danger  in  descending  and  more  labor  in  ascending.  The 
surfaces  are  more  injured  by  running  water^  causing  increased  cost 
of  maintenance. 

50.  Tires  only  2^  inches  wide  will  cause  twice  the  wear  that 
4i-inch  tires  will.  The  narrow  tires  cut  into  the*  road  surface, 
forming  and  deepening  ruts.  For  light  vehicles  2^  inches  will 
be  suflBcient.  The  heavy  vehicles  in  France  have  tires  from  3  to 
10  inches  wide.  Usually  from  4  to  6  inches  should  be  required. 
The  rear  axles  are  14  inches  longer  than  the  front  ones;  the 
wheels  therefore  do  not  follow  the  same  exact  line. 

Size  of  Wheels, — Wheels  diminish  the  friction  on  the  ground 
by  transferring  it  from  the  circumference  to  the  nave  and  axle,  and 
they  serve  to  lift  the  vehicle  more  easily  over  obstacles. 

The  friction  is  diminished  in  the  ratio  of  the  circumference  of 
the  axle  to  the  circumference  of  the  wheel;  hence  the  larger  the 
wheel  and  smaller  the  axle  the  less  is  the  friction.  Wheels,  how- 
ever, should  not  have  so  great  a  radius  that  the  line  of  traction  will 
incline  downwards,  as  the  tendency  would  be  to  press  the  wheel 
against  the  ground.  Wheels  of  large  diameter  do  less  damage  to 
the  road  and  cause  less  draught  for  horses. 

The  best  average  diameter  is  about  6  feet. 

A  two-wheel  cart  does  far  more  damage  than  one  with  four 
wheels  with  the  same  load,  caused  by  sudden  and  irregular  twist- 
ing motions. 

61.  The  harder  and  smoother  materials  used  for  road  coverings, 
the  greater  will  be  the  economy  in  horse-power.  For  example,  if 
it  requires  40  forty  horses  to  draw  a  certain  load  on  a  sandy  road,  it 
will  require  20  on  an  earth  road,  13  on  a  cobblestone,  7  on  the  best- 
laid  cobblestone,  3^  on  the  best  Belgian-block  pavement,  1^  horees 
on  asphalt,  and  1  horse  to  draw  it  on  iron  rails,  on  a  level  roadbed. 

Much  interesting  information  can  be  obtained  from  a  paper  on 
Haulage  by  Horses,  read  by  Mr.  Thomas  H.  Brigg  at  the  World's 
Engineering  Congress,  Chicago.  If  Mr.  Brigg^s  device  for  increas- 
ing the  eflficiency  of  animal  power,  increasing  the  animal's  endur- 
ance and  adding  to  his  comfort,  is  of  any  value,  it  should  certainly 
be  adopted. 
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52.  Alignment. — The  line  should  be  as  straight  as  possible 
consistent  with  easy  grades  and  the  least  cost  of  coustraction. 
These  will  usually  necessitate  a  greater  or  less  deviation  from  the 
straight  line.  The  curres  should  have  as  long  radii  as  practicable, 
and  should  never  be  less  than  50  feet  in  length,  this  corresponding 
to  a  114°  36'  curve. 


63. 


Table  III. 

TABLE  OF  RESISTANCE  TO  TRACTION. 


Character  of  Road. 


Sand 

SaDdy  road 

Gravel  (looee) 

(hard  rolled) 

Turf  (wet) 

"    (dry  and  liard) 

Earth  (ordinary) 

*'     (dry  and  hard) 

Clay  (hard) 

Cobblestones 

Macadam  (bad) 

' '         (ordinary) 

(best) 

Belgian  block  (ordinaiy) 

'•     (good) 

Grauite  block  (ordinary) 

•*      (good) 

Plank-road 

Asphalt 

Graoile  tramway 

Iron  **        

Sleighs  on  snow  8  inches  thick,  f-inch  runners, 
at  26''  Fahr 


ResiBtanoe— 


In  Fractions  of 
Load. 


1/5 

1/12 

1/7 

1/30 

1/8 

1/85 

1/10 
1/22   to  1/80 

1/20 
1/8     to  1/80 

1/14 
1/25   to  1/35 
1/50    to  1/70 

1/40 
1/45    to  1/87 

1/85 
1/17   to  1/50 
1/40    to  1/57 

1/133 
1/180  to  1/166 

1/200 

1/80 


In  Pounds 
pen*  Ton. 


448 

187 

820 

75 

280 

90 

224 

101  to  75 

112 
280  to  75 

160 
90  to  64 
45  to  80 

56 
50  to  26 

90 
182  to  45 
56  to  40 

17 

17  to  14 

11 

75 


The  above  table  gives  the  results  of  experiments  by  many 
persons.  They  can  only  be  taken  as  rough  guides.  The  use  of 
the  table  is  simple.  On  a  sand  road  to  haul  2  tons  at  an  ordinary 
pace  or  trot  from  3  to  12  feet  per  second  requires  an  expenditure 
of  over  896  pounds  of  tractive  force/ whereas  on  asphalt  it  would 
require  only  34  pounds;  or  the  same  power  would  haul  on  the  latter 
nearly  27  times  as  much  as  on  the  former,  or  it  would  take  27 
horses  to  haul  on  a  sand  road  what  1  horse  could  haul  on  asphalt: 
and  similarly  for  other  conditions  and  character  of  roiid  surfaces. 
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Table  IV. 


BE8IBTANCE  ON  GRADES. 


Grade  resistance  is  dne  to  the  force  of  gravity,  and  is  the  same 
on  good  as  on  bad  roads. 

Grade  of  1  foot  in 20,      25,      50, 

Grade,  feet  per  mile . . .  ^  264,    21 1,     106, 
Resistance,  lbs.  per  ton.  112.      90,      45, 

264 
The    resistance   being  =  2240  X  ^^  = 

--    -    -  -  0«Ov 

similarity  for  the  other  rates  of  grade. 


75.    100.     150.    200.    800,    400  ft. 
70.      58,      35,      26.       18,       18 
80.      22^.     15.      Hi,      7i,      51 

2240  2240  ,,^  , 

=  112  ;    and 


20 


rate  of  grade 


Taking  from  Table  III  the  resistance  on  a  Belgian-block  pave- 
ment the  resistance  of  50  pounds  on  a  level  road,  the  resistance  on 
a  grade  of  1  in  20,  or  a  5-per-cent  grade,  would  be  50  +  112  =  162 
pounds  per  ton;  or  a  horse  could  only  haul  about  -f^  of  the  load 
on  a  level — something  less  than  ^.  Table  V  shows  the  load  that  a 
horse  can  draw  on  a  level  and  on  grades  of  5  and  10  per  cent,  the 
horse  being  a  good  average  and  weighing  1200  pounds : 

Table  V. 


Character  of  Surface. 


Asphalt 

Broken  stone  (best) 

"     (bad) 

Earth  (best) 

"     (moist,  not  muddy). . 
Stone  block  (dry  and  clean) 

'*    (muddy) , 

Sand  (wet) 

"    (dry) 


On  a  Grade  of 

On  a  LeyeL 

6  per  cent. 

or  1  in  20. 

Pounds. 

Pounds. 

18,216 

not  used  on  sac 

6,700 

1,840 

1.840 

1,040 

d,600 

1,500 

1,100 

780 

8,300 

1.920 

6.250 

1,800 

1,500 

675 

1.087 

445 

On  a  Grade  of 

10  per  cent, 

or  1  in  10. 

Pounds. 


1,060 
740 
980 
600 
1,090 
1.040 
890 
217 


The  decrease  in  load  which  a  horse  can  draw  on  inclines  depends 
not  only  upon  gravity,  but  upon  the  foothold  afforded  by  the  road 
surface,  as  seen  by  the  following: 


Level. 

Earth,  per  cent 1.00 

Broken  stone 1.00 

Stone  block 1.00 

Asphalt 1.00 


Table  VI. 

1  in  100.    2  in  100. 

8  in  100. 

4  In  100. 

6  in  100. 

lOinloa 

.80         .66 

.55 

.47 

.41 

.26 

.66          .50 

.40 

.88 

.29 

.16 

.72          .55 

.44 

.86 

.80 

.14 

.41          .25 

.18 

.18 

.10 

.04 
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54.  In  Table  YI  the  load  that  a  horse  can  haul  on  a  level  at  a 
given  speed  is  taken  equal  to  unity  for  either  of  the  materials  used 
on  the  road  surface.  The  other  numbers  in  the  same  line  show  the 
percentages  that  can  be  hauled  on  grades  of  different  rates  with  the 
same  road-covering  material  and  at  the  same  speed.  These  percen- 
tages also  show  the  effects  of  rough  and  smooth  surfaces^  being 
relatively  higher  on  those  materials  affording  good  foothold  for  the 
horses. 

The  tractive  power  of  horses  decreases  rapidly  as  the  speed 
increases.     This  is  shown  in  the  following  table: 

Table  VII. 

3Ii]es  per  hour 0.75,        1,         li,         2,         2^,        Zh         4 

Tractive  force  in  pounds. . .  838,      250,      167,      125,      100.      71^.      62^. 

Within  the  limits  of  }  and  4  miles  the  power  increases  in 
inverse  proportion  to  the  speed,  and  can  be  interpolated  for  any 
intermediate  speed.  For  instance,  at  2  miles  per  hour  the  tractive 
force  is  125  pounds;  hence  for  3  miles  per  hour 

3  :  2  : :  125  :  85.33  pounds. 

Table  VIII  shows  some  useful  relations.  Column  1  is  the  rate 
of  grade  in  feet  per  100  feet.  Column  2  is  the  rate  of  grade 
in  feet  per  mile,  found  by  multiplying  the 
numbers  in  column  1  by  52.8.  In  column  3  are 
the  weights  resting  on  the  inclines  and  taken 
at  1  ton  =  2240  pounds.  In  column  4  are  the 
components  of  these  weights  normal  to  the 
incline.    JV  =  PT  cos  a,  which  produces  a  press-  ^®'  ^' 

ure  on  the  plane.  The  friction  F  caused  by  this  pressure  is 
F  ^fNj  in  which /is  the  coeflScient  of  friction  and  determined  by 
experiment,  and  which  varies  with  the  nature  of  the  bodies  and  the 
condition  of  their  surfaces.  Column  5  contains  the  components  of 
the  weights  acting  parallel  to  the  inclined  surface, 

y  =  FFsin  a  =  N =  N  tang  a. 

cos  a  ^ 
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This  tangential  component  T  tends  to  produce  motion  down  the 
incline. 

Stability  of  position  requires  that  7  shall  not  exceed  F\  hence 

r=  F  =  fN=  N  taug  a  =  fTsin  a, 

the  angle  a  being  the  greatest  angle  of  inclination  consistent  with 
stability,  and  is  usually  indicated  by  the  letter  0.    Hence 

Jf'=iV^tang0=/2V: 

From  which  we  see  that  the  coefficient  of  friction  /  =  tang  0,  or 
the  tangent  of  the  angle  of  repose,  which  is  defined  as  the  steepest 
inclination  of  a  plane  to  the  horizon  at  which  a  block  of  a  given  ma- 
terial will  remain  in  equilibrio  upon  it.  So  long  as  7*  is  less  than 
fN,  or  a  is  less  than  0,  T  will  be  balanced  by  the  friction,  which 
will  be  equal  and  opposed  to  it;  and  since /iV^  is  the  maximum  value 
of  the  friction,  motion  will  occur  if  T  is  greater  than  fN. 

(Table  IX  contains  some  usual  values  of  /,  the  coefficient  of 
friction,  and  the  corresponding  values  of  0.) 

Column  6  contains  the  power  required  to  haul  1  ton  up  the 
inclines,  that  on  a  level  being  taken  at  45  pounds,  which  may 
apply  to  macadam,  Belgian,  or  granite  block  roads  or  pavements. 
Column  7  gives  some  equivalent  lengths  of  level  roads  in  miles,  and 
simply  in  the  ratio  of  the  resistances  or  powers  in  column  6;  for 
instance,  where  the  resistances  are  45  and  67.40  we  have 

45  :  67.4  : :  1  mile  :  a;  =  1.5  miles, 

the  equated  length.  Column  8  gives  average  maxima  loads  that 
the  horse  can  draw  on  a  level  and  on  the  several  inclines. 

It  will  be  noticed  that  the  normal  pressure  N,  column  4,  is 
practically  the  same  as  the  weight  until'  a  grade  of  2  in  100  is 
reached,  and  decreases  at  nearly  a  uniform  rate  to  3  in  100;  from 
that  point  to  10  feet  in  100  feet  it  decreases  at  an  increasing  rate. 
The  tendency  down  the  plane  T  increases  in  the  proportion  of  the 
rate  of  grade  throughout  the  table,  as  the  angle  corresponding  to 
10  in  100  is  very  small,  being  about  5°  43'  of  arc,  and  the  arc 
nearly  equal  to  its  sine. 
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Table  Vni. 


• 


0.0 

0.25 

0.50 

0.75 

1.00 

1.25 

1.50 

1.75 

2.00 

2.25 

2.50 

2.75 

a 

4. 
5. 
6. 
7. 
8. 
9. 
10. 


B 

• 

11 

S  u 

T  p 

o5 

1^1 

ll 

pi 

0.0 

2240 

18.3 

26.4 

89.0 

52.8 

06.0 

79.2 

92.4 

105.6 

118.8 

182.0 

145.2 

158.4 

211.2 

264.0 

816.8 

869.6 

422.4 

4752 

528. 

^gSfei^ 


e 
SS 


2240 


<< 
(( 

(< 
(I 
(I 


2289.5S 

2230.41 

2239.27 

2289.18 

2289.0 

2238.2 

2237.2 

2236. 

2234.5 

2282.8 

2281.0 

2229. 


Il§ 

B 

}ul 

-^1 
amm 

Equivale 
Length 
Level  . 
miles. 

45.0 

1.000 

50.6 

1.124 

66.2 

1.249 

61.8 

1.878 

67.4 

1.500 

78.0 

1.622 

78.6 

1.747 

84.2 

1.871 

89.8 

1.095 

95.4 

2.120 

101.0 

2.444 

106.6 

2.869 

112.2 

2.498 

184.6 

2.991 

157.0 

8.490 

179.4 

8.987 

201.8 

4.485 

224.2 

4.982 

246.6 

5.480 

269.0 

5.977 

\a&2 


6270 
5876 
4978 
4490 
4145 
8880 
8584 
8290 
8114 
2935 
2725 
2620 
2486 
2088 
1800 
1568 
1367 
1235 
1125 
1030 


Table  IX. 


Dry  masonry  and  brickwork 

Masonry  ana  brickwork,  mortar  damp 

Timber  on  stone 

Iron        "      "    

Timber  on  timber 

'*        "  metals 

Metals  on  metals 

^lasonry  on  dry  clav 

*•         **  moist  clay 

Earth  on  earth 

Earth  on  earth,  dry  sand,  clay,  and 

mixed  earth 

B&rth  on  earth,  damp  clay 

"      "      «'      wet       *'   

•*      **       •*      shingle  and  gravel. . . 


0 


31*    to  85* 

86i* 

22* 
85*    tol6K 
26i*  to  lir 
Sr    tolH' 
14°    to    8i' 

27* 

IBi* 
ir    to  45* 

21^    to  37* 

45^ 

17" 
39*    to  48* 


0.6    to  0.7 

0.74 

0.4 
0.7    to  0.8 
0.5    to  0.2 
0.6    to  0.2 
0.25  to  0.15 

0.51 

0.33 
0.25  to  1.0 

0.88  to  0.75 

1.0 

0.31 
0.81  to  1.11 


1// 


1.67  to  1.43 
1.35 
2  5 
1.48  to  8.33 

2  to  5 
1.67  to  5 
4  to  6.67 
1.96 
3 
4tol. 

2.63  to  1.33 

10 

3.23 
1.23  to  0.9 


&0  EXPBBIUBinS  TO   DETEBMINE  TRACTIVE   POWER. 

Table  IX  gives  the  more  useful  values  of  the  angles  of  repose 
</),  the  values  of  the  coefficient  of  friction  /  equal  to  the  tangent  ol 
the  angles  of  repose,  and  1/f  equal  to  the  cotangent  of  the  angle 
of  repose. 

The  first  column  being  the  angle  of  repose,  the  second,  /,  le 
the  length  of  the  tangent  to  radius  unity,  and  the  third  is  the 
length  of  the  cotangent  to  the  radius  unity.  This  table  will  alsc 
be  useful  in  connection  with  masonry  construction. 

TRACTION  ON  HIGHWAYS. 

64^.  In  the  preceding  paragraphs  the  subject  of  traction  on 
highways  was  fnlly  discussed,  and  tables  given  showing  the  tractive 
power  required  to  move  vehicles  on  streets  and  roads,  taken  mainly 
from  old  experiments  made  in  France  and  England. 

The  following  table  is  taken  from  recent  experiments  made  by 
Studebaker  Brothers'  Manufacturing  Company,  of  South  Bend, 
Indiana. 

The  tests  were  made  by  attaching  a  Fairbanks'  dynamometer  to 
the  doubletree  and  making  the  pull  through  this  instrument. 


Table  IXa. 

KBSnLTS  OF  TKACTION  BSPERIUENTS. 


Ml' 

Narrow 

Tbtmbl»4ketn  SI  1 

Track, 
Axle. 

Iron 

131 

DtomotorofwUeeli 

8'S"«ud4.>. 

,(K. 

8'e"« 

d4'9" 

8'  a"  and 
4' 6" 

WUthortlre 

4  Id. 

„«.. 

i 

31a 

Sin. 

II  Jn. 

Uln. 

Toul  weight,  pounds 

4UG 

4S8B 

X 

4SW 

B3ao 

saaa 

SISO 

Weight  per  Incb  of  tire., . . 

are 

Toa 

« 

mn 

440 

7H 

7«t 

WO 

TOO 

TOO 

Many  important  conclusions  may  be  drawn  from  the  study  of  the 

above  table.     (1)  The  small  influence  that  the  width  of  the  tire  has  '- 
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on  the  draught  necessary.  Taking  the  third  and  fifth  cases,  where 
the  weights  per  inch  of  tire  were  266  and  675  pounds  respectively, 
the  percentages  of  total  load  required  to  start  the  wagon  on  block 
pavements,  sand,  and  mud  were  14,  16^,  and  23^  in  the  former 
case,  and  12^,  ITi^,  and  22^  in  the  latter;  while  the  percentages  of 
load  required  to  keep  the  wagon  moving  when  started  on  these  sur- 
faces were  3^,  8i,  and  15i,  and  3,  8^,  13^.  There  is  not  as  much 
variation  as  2  per  cent,  even  on  muddy  roads. 

(2)  With  the  wide  iron  tire,  iron  axle  California  wagon,  exclud- 
ing muddy  roads,  the  narrow  tire  was  found  to  be  the  better,  and 
on  muddy  roads  the  difference  was  less  than  5  per  cent.  (3)  The 
value  of  large  wheels  in  diminishing  draught  in  starting  is  shown,  but 
there  is  but  little  difference  in  the  traction  required  to  keep  the 
motion  up.  (4)  The  average  proportion  of  load  required  as  a  pull 
to  start  a  wagon  on  a  block  pavement  was  10  per  cent,  16  per  cent 
on  good  hard  sand  roads,  18  per  cent  on  good  level  gravel  roads, 
and  21  per  cent  on  muddy  roads;  and  to  keep  the  vehicle  moving 
on  the  same,  2^,  7^,  4,  and  13  per  cent  of  the  load  was  required. 

It  was  also  found,  but  not  tabulated,  that  with  the  weight  and 
tire  given  in  the  first  case  a  pull  of  1050  pounds  was  required  to 
start  the  load  in  mud  from  12  to  14  inches  deep,  and  550  to  keep 
it  moving.  Under  the  conditions  of  the  third  tests  from  900  to  1600 
pounds  were  required  to  move  the  load  on  muddy  dirt  roads  filled 
with  ruts.  On  sandy  roads,  where  the  wagon  given  in  the  fourth 
case  cut  into  the  road  to  an  average  depth  of  3  inches,  the  pull 
required  was  650  pounds;  and  on  level  sandy  roads,  where  the  tires 
cut  into  the  sand  to  an  average  of  4  inches,  1100  pounds  were  re- 
quired to  start  the  wagon. 

In  order  to  ascertain  the  effect  of  narrow  and  wide  .tires  in 
driving  across  fields  the  wagon  and  load  of  the  seventh  test  was 
chosen,  with  the  tire  cutting  into  the  sod  Ijt  inches.  1250  pounds 
were  required  to  start  the  wagon  with  a  l^-inch  tire,  and  1100 
pounds  with  a  3-inch  tire,  and  to  move  at  a  dead  pull  650  and  550 
pounds  respectively.  On  good  hard  roads  the  wagon  with  a  1^- 
inch  tire  was  started  with  a  pull  of  850  pounds  and  kept  moving 
with  350  pounds,  while  with  a  3-inch  tire  700  and  300  pounds 
respectively  were  required. 

To  start  the  California  wagon  with  a  3-inch  tire  on  roads  with 
deep  ruts  a  pull  of  1500  pounds  was  required,  and  to  keep  it  goir  c 
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450  pounds;  to  start  it  on  good  sod,  where  the  tire  cut  in  about 
half  an  inch,  900  pounds,  and  to  keep  it  going  600  pounds;  while 
with  a  If-inch  tire  1000  and  500  pounds  were  required  in  the  same 
field.    The  narrow  tire  did  not  cut  deeper  than  the  wide  one. 

The  experimenters  concluded  from  their  tests  that,  on  hard 
roads  and  pavements,  there  is  no  special  advantage  to  be  gained  by 
the  use  of  the  wide  tire,  and  on  such  surfaces  a  narrow  tire  gives 
less  resistance  and  friction.  Neither  in  soft  mud  or  slush  do  they 
find  any  advantage  in  wide  tires  as  regards  draught;  but  where  the 
narrow  tire  will  out  through  and  a  wide  one  will  not,  the  latter  is 
to  be  preferred.  The  general  conclusion  being  that  for  farm  use 
the  wide  tires  are  better,  but  for  streets  and  pavements  the  narrow 
tires  are  preferable. 


AET.  VIIL 
CITY  SURVEYING. 

66.  The  conditions  determining  the  site  of  a  city  depend  largely 
upon  (if  they  are  not  controlled  by)  considerations  outside  of  the  lay 
of  the  ground  as  affecting  lines,  curves,  and  grades;  such  as  natural 
advantages  arising  from  navigable  streams;  watercourses  suitable  for 
feeding  canals;  good  centres  for  the  junction  and  crossing  of  high- 
ways and  railways,  as  governed  by  the  topographical  features  of  the 
country;  and  the  agricultural,  mineral,  and  general  industrial  con- 
ditions and  capacities  of  the  community.  Frequently  cities  simply 
start  and  grow  to  considerable  size  without  surveys  or  considera- 
tions governing  such  questions  as  the  alignment  of  its  streets,  easy 
grades,  advantages  of  drainage  and  sewerage,  proper  widths  of 
streets  and  pavements,  or  any  of  those  conveniences  and  sanitary 
requirements  arising  from  a  number  of  parks  and  resting-plots,  and 
often  even  without  reference  to  the  sufficiency  and  healthfulness 
of  a  water-supply.  In  such  cases,  when  inconveniences,  conflicts, 
and  necessities  require,  the  considerations  of  proper  surveys,  sewer- 
age, drainage,  water-supply,  etc.,  are  first  brought  into  prominence. 
From  this  period  the  surveys  are  directed,  as  far  as  practicable,  to 
correct  the  errors  already  made,  often  at  a  very  large  expense,  or 
they  are  left  as  they  are  found,  and  the  surveys  are  mainly  directed 
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to  properly  provide  for  the  future  requirements  which  other  grow- 
ing towns  have  shown  to  be  necessary  or  desirable.  It  is  mainly 
this  latter  view  of  city  surveying  that  will  be  considered  in  this 
article^  especially  as  in  this  country  the  probable  future  require- 
ments are  well  knpwn  from  the  experiences  of  other  cities,  barring 
alone  the  uncertainties  in  regard  to  the  future  growth  of  the  pro- 
posed city.  This  latter  question  should  not,  however,  be  considered, 
and  th^  city  should  be  laid  out  carefully  on  the  basis  of  some 
assumed  number  of  inhabitants  and  a  coiTesponding  commercial 
and  industrial  development. 

66.  City  surveying  therefore  differs  from  road  surveying  in  two 
very  important  points. 

Ist.  The  laying  out  of  the  site  of  the  city  must  be  adapted  to 
the  ground  as  found,  as  the  ground  cannot  be  selected  to  suit  the 
site  of  the  city.  Hills,  ravines,  watercourses,  etc.,  must  be  dealt 
with  in  the  main  as  they  are  found. 

2d.  As  we  are  to  deal  not  with  miles  and  acres,  but  with  small 
blocks  and  lots,  the  value  of  which  may  be  enormous  per  front  foot 
or  even  front  inch,  absolute  accuracy  in  the  survey  is  necessary. 
As  this  may  be  impracticable,  every  care  should  be  taken  that  it 
may  be  obtained  within  very  small  limits  of  error  in  directions  and 
distances,  otherwise  ultimate  confusion,  trouble,  and  litigation  will 
be  inevitable. 

In  land  surveying  an  error  of  not  more  than  1  in  300  may  be 
allowable.  In  city  surveying  it  should  be  not  more  than  1  in  1000, 
and  should  average  less  than  1  in  5000,  and  a  standard  of  average 
observed  difference  in  one  surveying  party's  work  may  not  exceed 
1  in  20,000.  Two  parties  working  to  reach  the  same  standard  may 
err  in  opposite  directions,  making  the  apparent  error  greater  than 
that  of  either  party. 

57.  As  the  magnetic  needle  at  best  is  unreliable  and  seldom 
correct,  its  use  in  city  surveying  should  never  be  allowed.  Transits 
without  needles  and  compass-box  can  be  constructed  affording 
more  steadiness,  accuracy,  and  convenience  in  reading  and  handling. 

The  steel  tape  is  almost  universally  used  for  measuring  dis- 
tances. These  tapes  are  commonly  50  to  100  feet  long,  and  may  be 
used  as  long  as  200  to  300  feet. 

It  is  not  necessary  that  such  tapes  should  be  graduated,  as  is: 
usually  the  case,  to  feet  and  tenths. 
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Every  subdivision  in  the  measarement  introduces  an  element  of 
error^  and  the  number  varies  inversely  as  the  length  of  the  measure. 
Measuring  on  an  inaccurate  alignment,  or  with  the  ends  of  the  tape 
not  in  a  precisely  the  same  horizontal  line^  also  introduces  en*ors 
which  are  cumulative  in  proportion  to  the  number  of  times  the 
tape  is  stretched  in  measuring  any  given  distance.  These  errors 
are  called  minus  errors,  since  the  measured  distance  between  any 
two  points  is  greater  than  the  true  distance.  In  using  long  tapes, 
the  natural  sag  due  to  the  length  introduces  a  minus  error;  if 
pulled  to  any  given  tension  the  minus  error  is  reduced,  and  more- 
over the  elongation  introduces  a  plus  error.  If  a  tape  is  standard- 
ized at  a  certain  temperature,  an  increase  in  temperature  causes  a 
plus  error,  whereas  a  decrease  causes  a  minus  error. 

All  such  errors  may  to  a  certain  extent  be  self-compensating  on 
long  lines,  but  to  what  extent  and  at  what  points  is  uncertain. 

There  is,  then,  a  limit  to  the  length  of  a  tape  that  will  give  the 
best  results.     Probably  the  100-foot  tape  is  more  commonly  used. 

The  accuracy  with  which  angles  can  be  measured  depends  upon 
the  character  of  the  instrument.  With  ordinary  transits  reliance 
oannot  be  placed  on  reading  nearer  than  to  one  half  minute  or 
30  seconds.  Lines  making  an  angle  of  1  minute  with  each  other 
would  separate  in  a  mile  by  1.53  feet  or  18.36  inches,  and  with 
angle  of  30  seconds  by  0.765  foot  or  9. 18  inches,  and  proportion- 
ately for  any  other  distance.  The  en*or  in  distance  on  this  line 
would  be  inappreciable  either  for  a  minute  or  half  minute  of  angle, 
but  the  error  in  alignment  would  be  appreciable.  It  is  probably 
about  as  easy  to  keep  the  angular  error  in  measuring  angles  within 
one  half  minute  as  it  is  to  keep  the  error  in  measuring  distances 
within  1  in  10,000. 

58.  The  correction  for  temperature  may  be  taken  for  each 
degree  Fahr.  at  0.0000065  of  the  length,  which  for  the  distance  of 
a  mile  is  about  0.41  of  an  inch  for  change  of  1°  Fahr.  Such  cor- 
rections should  be  applied  on  the  field. 

With  a  constant  pull  or  tension  the  sag  increases  nearly  as  the 
cube  of  the  length.  With  any  given  length  the  sag  can  be  reduced 
to  any  degree  by  the  increase  of  the  tension,  but  this  tends  to 
unsteadiness  and  want  of  uniformity  in  the  pull,  even  with  only  a 
slight  wind  blowing.  It  is  necessary,  however,  to  keep  the  sag 
uniform.     This  to  a  great  extent  can  only  be  determined  by  the 
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expeirenced  eye.    The  eye  must  also  be  mainly  relied  upon  to  deter- 
mine the  horizontality  of  the  ends  of  the  tape. 

The  catenary  is  defined  bs  the  curve  assumed  by  a  cord,  tape,  or 
chain  of  uniform  cross-sectional  area  and  of  uniform  incite  rial  when 
loaded  with  its  own  weight  alone.  The  weight  of  any  part  of  it  is 
simply  proportional  to  its  length.  A  full  discussion  of  this  curve 
is  found  in  Rankine's  Applied  Mechanics,  page  177.  For  the 
present  purpose  it  will  be  sufficient  to  assume  the  following 
^nations : 

ar  a:  tea?  tea? 

y  =  ^/e"*  +  e"»  -  2)  =  Vsy+m^-m  =  ^(e"+e' "-z);  (33^) 


,  .  ,  H  horizon  tension  ,  .  . -. 

in  which  m  =  —  =  — r^rr rr~r^ — -rr  I  «  =  base  of  JNape- 

w       weight  per  unit  of  length  ^ 

rian   logarithms;  8  =  length   of  curve  measured  from  centre  or 

lowest  point  taken  as  the  origin;   I  =  the  horizontal  distance 

between  points  of  support;  x  =  il;  y  the  ordinates  of  the  curve; 

W  H      HI 

ir=  tt?^  =  weight  of  the  entire  tape;  w  =  -^;  .*.  —  =  -rp.     If 

—  is  constant,  that  is,  if  the  horizontal  pull  is  constant,  then  for 
to  ^ 

the  same  tape  both  y  and  8  will  be  constant,  but  will  vary  with  dif- 

Hl 
ferent  tapes;  but  if  -^  is  constant,  both  y  and  s  are  constant. 

If  the  chain  is  100  feet  long,  then  a;  =  50  feet;  let  ^=10 

H 
pounds,  w  =  0.0125  pounds,  then  —  =  800;  y  becomes  1.56  feet; 

w 

s  =  50.0325,  .•.  2«  =  100.0650  and  2^  —  i  =  0.065  feet;  and  from 

the  formula  for  elongation  (see  Johnson's  Surveviug,  page  379), 

X  =  -==-,  and  making  the  section  k  =  ^-7,  F  =  27500000,  then 

A  =  0.01.     With  H=20  pounds,  y  =  0.78  feet;  25-^  =  0.014 

^eet;   ^  =  16;  A.  =  0.02  feet.    With  £r  =  30  pounds,  y  =  0.52  feet; 
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JT 

28  —  1  =  0.007;  -=  =  24;   A  =  0.03  feet.    And  similarly  for  any 

ff  IT 

other  ratio  of  —  and  -==  for  a  100-foot  tape.     We  then  have,  for 

the  three  relations  taken. 


Resultant  error 

28-1 

X 

in  100  feet 

In  1000  feet 

—  error. 

+  error. 

±  error. 

±  error. 

Ist, 

0.065  foot 

0.01  foot 

—  0.055  foot 

—  0.55  foot 

2d, 

0.014    « 

0.02    " 

+  0.006    " 

+  0.06    " 

3d, 

0.007    " 

0.03    " 

+  0.022    " 

+  0.22    " 

Prom  which  we  see  that  the  error  of  sag  diminishes  rapidly,  and 
the  plus  error  of  elongation  increases  rapidly  with  an  increase  in 
the  pull.  With  care  and  practice  experienced  men  can  make  a 
pull  of  15  to  20  pounds  with  a  reasonable  degree  of  uniformity. 
The  pull  should  be  steady  and  without  jerk,  and  the  pins  should 
be  stuck  quickly  in  the  ground.  From  a  complete  table,  calcuUited 
as  above  indicated  from  10  to  30  pounds  pull,  for  either  50  or  100 
foot  tapes,  the  proper  pull  is  determined  by  the  tension  at  which 
the  tape  is  tested.     Call  this  h;  then  with  the  determined  weight 

W  of  the  tape  we  have  ^  =  — .    Seek  the  plus  error  from  elonga- 

tion  for  this  value  of  — ;  then  find  the  same  plus  error  between  the 
curve  for  that  length  of  tape  and  the  straight  line:  the  correspond- 
ing —  is  right  for  field  use.  This  means  the  combined  correc- 
tion for  sag  and  elongation.  Mr.  Johnson  illustrates  this  principle 
by  the  following  example :    A  50-foot  tape  weighs  six  ounces,  and 

h       5  X  50 
the  pull  when  tested  was  five  pounds,  —  =  — ;; —  =  666,  and  the 

elongation  =  0.083.  The  curve  for  a  50-foot  tape  marked  —  error 
from  sag  is  distant  from  the  line  marked  +  error  from  pull  the 

h  f\ 

same  amount  when  —  =  1233.     Whence  F  =  1233  x  77^  -^  50  = 

w  16 

9^  pounds  and  the  sag  =  0.25. 

When  a  tape  is  to  be  suspended  freely  in  use,  the  tension,  h,  at 

the  test  should  not  be  such  that  the  working  tension  if  will  be  top- 
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great.  Diafp-am  Fig.  34  is  plotted  from  tables  calcnUted  as  above 
indicated  for  a  50  and  a  100  foot  tape,  ia  which  ie  shown  the 
carves  for.  errors  in  sag,  and  also  for  plus  errors  in  pull,  in  full 


Ernn  tor  UW)  t«I  ^ 


Fig.  34, 

lines  for  1000  feet  and  in  dotted  lines  for  single  lengths  of  50 
and  100  feet.     The  equal  errors  of  0.083  and  their  corresponding 

p 
ratios  of  —  =  666  and  1233  respectively  are  marked  on  the  diagram. 

59.  While  such  niceties  in  calculation  of  and  applying  errors 
for  sag  and  elongation  are  of  great  importance  in  measuring  long 
lines,  and  may  be  properly  applied  in  city  surveying,  it  would 
«eem,  as  accuracy  is  what  is  required,  better  to  secure  a  standaid 
U.  S.  steel  bar,  and  having  carefully  measured  a  base-line  50  or  100 
feet  long,  the  ends  marked  with  strong  hubs  extending  well  above 
ground,  all  that  is  necessary  to  correct  for  Bag  and  elongation  is 
to  determine  the  pull  necessary  to  make  the  two  ends  of  the  tape 
have  the  proper  distance  betweeu  them  when  suspended  between 
the  fixed  hubs.  The  sag  and  elongation  will  then  be  the  same  as 
when  used  in  measuring  distances  on  the  ground,  and  whether  they 
be  much  or  Uttle  the  measured  distances  will  be  correct,  excepting 
temperature  errors,  which  must  be  applied  for  the  actual  tempera- 
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ture,  as  compared  with  the  standard  temperature  stamped  on  the 
U.  S.  standard  bar  at  the  time  of  measurement,  if  the  change  is 
material.  Such  a  base-line  could  be  measured  near  the  camp  or 
office,  and,  if  desired,  at  two  or  more  widely  separated  situations 
within  the  boundaries  of  the  survey,  and  the  tape  could  be  tested 
once  a  day,  or  oftener  if  considered  necessary. 

Wind  errors  can  only  be  corrected  by  an  additional  intensity  of 
pull,  judging  by  the  eye  when  the  sag  is  of  the  proper  amount  and 
in  a  vertical  plane.  To  avoid  errors  from  this  source  it  is  better  to 
stop  work  in  windy  weather. 

It  is  unwise,  no  matter  what  care  is  taken  in  the  execution  of  a 
survey  and  in  the  application  of  the  corrections  for  errors,  to  trust 
to  direct  accuracy  in  running  a  number  of  separate  and  distinct 
lines. 

Outline  lines  or  boundary  lines,  enclosing  an  area  in  the  form  of 
a  quadrilateral,  should  be  measured  with  especial  care,  so  as  to  secure 
a  high  degree  of  accuracy  in  the  lengths  of  these  lines  and  in  the 
angles  between  them.  These  serve  as  resting  and  check  lines.  The 
actual  length  of  any  division  line  joining  two  of  these  boundary 
lines  at  fixed  points  can  be  accurately  calculated  in  length  and 
direction,  and  measuring  these  division  lines,  usually  street  lines, 
they  should  tie  up  on  these  boundary  lines  within  the  allowable 
limits  of  error  in  distance  and  angles,  and  the  lines  should  be 
retraced  until  they  do. 

60.  Contour  Maps, — An  accurate  topographical  survey  as  a  pre- 
liminary to  laying  out  a  town  may  or  may  not  be  of  any  immediate 
advantage,  if  accurately  executed  with  5-foot  contours,  and  time  is 
given  to  make  a  careful  study  of  it,  in  order  to  lay  out  the  streets  to 
the  best  advantage  in  regard  to  grades  and  quantities  of  work 
required,  and  so  adjusting  streets  in  suburban  districts  as  to  make 
them  easily  accessible  on  streets  with  easy  grades,  and  adjusting 
them  at  the  lot  lines  to  the  undulations  of  the  ground.  Much 
expense  may  be  avoided  and  considerable  areas  divided  into  desira- 
able  building  sites,  which  otherwise  would  be  either  undesirable  or 
actually  wasted.  But  if  such  use  is  not  made  of  these  maps,  and 
the  streets  are  laid  out  at  right  angles  to  each  other,  which  is 
usually  the  case,  without  reference  to  the  above  considerations, 
such  surveys  are  a  waste  both  of  time  and  money.  The  cost 
of  laying  out  1000  acres  into  streets  and  blocks  will  depend  upon 


CITY   SURVEYING.  99 


the  roughness  of  the  surface,  the  proportion  of  cleared  land  and  of 
that  in  timber  and  brush,  and  to  a  very  great  extent  upon  the 
topographical  work,  and  will  vary  from  two  to  five  dollars  per 
acre.  The  more  topography  taken  the  higher  the  cost.  As  a  mat- 
ter of  fact,  but  little  use  is  ordinarily  made  of  the  contour  maps 
in  the  first  laying  out  of  a  town  site.  And  when  required,  either 
from  inaccuracy  in  the  maps,  or  on  account  of  the  maps  being 
lost  or  misplaced,  with  no  reliable  and  fixed  points  on  the  ground, 
the  work  will  have  to  be  done  over  by  running  liaea  and  levels 
usually  along  both  sides  of  the  streets. 


ABBAKGEMBNT  OF  CITY  STBEETS. 

61.  Whatever  method  may  be  adopted  in  surveying  the  town 
sites  in  order  to  secure  accuracy,  the  first  questions  requiring  con- 
sideration are:  * 

Ist.  The  proper  width  of  the  streets  and  the  dimensions  of  the 
blocks  and  lots. 

2d.  Upon  what  system  the  streets  shall  be  laid  out — following 
straight  lines  at  right  angles  to  each  other  over  as  large  districts  as 
practicable,  or  a  system  of  curved  streets  similarly  arranged. 

3d.  A  combination  of  these  two  systems,  or  finally  an  entirely 
irregular  system,  with  street  lines  inclined  at  all  angles  with  each 
other.     This  latter  is  intricate,  inconvenient,  and  expensive. 

The  circular  system,  except  as  connecting  two  districts  the 
main  axes  of  which  are  inclined  to  each,  as  in  the  space  between 
two  streams  coming  together  with  an  acute  angle  between  them,  is 
evidently  defective,  as  the  chords  are  shorter  than  the  arcs  ;  one  im- 
portant consideration  being  to  secure  the  most  direct  route  between 
two  points.  The  rectangular  system  causes  loss  of  time  and  dis- 
tance. So  it  will  in  general  be  found  advantageous  to  combine  the 
rectangular  and  diagonal  systems.  There  may  be  one  central 
point  from  which  the  diagonals  radiate,  or  there  may  be  several 
such  points  distributed  over  the  town  site.  The  diagonal  streets 
open  up  new  building  lines.  But  with  too  many  and  too  wide 
streets  there  will  be  an  unnecessary  loss  of  building  area.  In  Fig. 
35  is  shown  a  combination  of  the  square  and  diagonal  systems.  A 
variety  of  combinations  can  be  made,  which  on  a  good  topographical 
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map  can  be  arranged  to  fit  to  a  greater  or  lees  degree  the  undula* 
tions  of  the  ground. 

Mr.  Lewis  M.  Haupt,  Professor  of  Civil  Engineering  in  the 
University  of  Pennsylvania,  has  made  an  elaborate  investigation  and 
discussion  of  this  subject,  and  gives  at  length  the  explanations  and 
f  ormulsB  showing  the  relations  between  block  areas,  widths  of  streets, 
the  benefits  accruing  both  from  shortening  of  distance  from  point  to 
point  and  the  additional  frontage  furnished,  with  a  small  displace- 
ment of  the  inhabitants.    In  the  case  of  a  perfect  square  with  n 
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blocks  on  a  side  or  n*  blocks  in  all,  and  with  a  width  of  street  Wy 
L  the  length  of  the  side  of  the  entire  square,  and  I  one  side  of  a 
square  block  in  feet,  P  =  area  of  block.  Then,  from  Fig.  35,  the 
distance  from  AioB  with  square  blocks  must  be  equal  to  2Z  by  any 
route  followed,  whereas  with  the  diagonal  the  distance  AB  =  L  V2, 

.    .    LV^       1.41.42       1.41.42        70  ^     .       . 

and  the  ratio  is  -^^  =  -^-  =  -^OO"  =  lOO^  ^'  ^  '^^^^^  ^^ 

distance  of  about  30  per  cent,  the  maximum  possible.     The  per- 

.    w'c  +  aw  +  ww'  ^^  -^^    . 
centage  of  street  to  property  area  is  -^ X  luu,  m 

which  w  and  to'  are  the  widths  of  the  streets,  a  and  c  the  sides  of 
the  blocks  when  rectangular.  If  the  widths  are  the  same,  then 
to  =  to',  and  if  the  blocks  are  square  then  also  a  =  c  =  I,  and  thi* 
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above  expression  becomes ^ —  X  100.    If  the  streets  are  60 

feet  wide,  I  =  400  feet,  then  ^^  ^^  f  J.^^.  "^  ^^^^  X  100  =  36  per 

cent  of  the  area  consumed  by  streets;  with  the  width  of  the  streets 
to  =  50,  and  the  sides  of  the  blocks  /  =  500  feet,  then  the  percentage 
will  be  21  only.  Similar  formulas  can  be  obtained  for  the  additional 
area  consumed  by  diagonals  and  for  the  increase  in  frontage. 

62.  There  is  a  great  diversity  of  opinion  in  regard  to  the  proper 
width  of  streets.  An  important  commercial  thoroughfare  should 
be  at  least  120  feet,  80  feet  for  the  carriageway  and  20  feet  on  each 
side  for  the  sidewalks.-  For  streets  to  be  occupied  by  residences, 
the  carriageway  need  not  be  over  32  to  35  feet,  and  the  sidewalks 
from  10  to  12,  or  a  width  between  building  lines  from  52  to  65 
feet  or  more.  A  wider  system  of  streets  in  one  direction  than  in 
the  other  is  sometimes  adopted,  and  rectangular  blocks  instead  of 
square  blocks  are  used,  with  an  alley  of  15  or  20  feet  running 
parallel  to  the  longer  side;  such  a  block  containing  16  lots,  8  on 
each  long  side,  50  feet  wide,  and  making  the  length  of  the  lot  140 
feet  and  alley  20  feet.  The  block,  not  including  any  portion  of  the 
street  would  be  400  X  300  feet,  containing  120,000  square  feet. 
Or  from  centre  to  centre  of  streets  60  feet  wide,  a  block  would 
contain  460  x  360  =  165,600  square  feet.  165,600  ~  43,560  =  3.8 
acres  nearly,  or  about  4.21  lots  per  acre. 

63.  Monuments, — Permanent  marks  should  always  be  provided. 
There  is  much  dilBerence  of  opinion  in  regard  to  the  material, 
number,  and  positions  of  such  monuments.  Stone  is  beyond  doubt 
the  best  material.  They  should  be  dressed  to  a  square  cross- 
section  for  from  3  to  6  inches  in  length  from  one  end,  the  cross- 
section  being  4  X  4  to  6  x  6  inches;  the  rest  of  the  stone  can  be 
left  rough,  and  should  be,  as  furnishing  broader  base  and  better 
bearing.  Their  lengths  should  be  from  3  to  5  feet.  Two  lines, 
intersecting  in  the  centre  of  their  upper  ends,  should  be  cut; 
in  this  case  the  stones  must  be  set  with  this  intersection  of 
cross-cuts  exactly  in  line.  This  is  best,  but  makes  it  difficult  to 
set  and  adjust.  Otherwise  the  stones  are  set  first  and  the  cross- 
cuts made  to  intersect  at  the  proper  points.  This  is  convenient 
and  sufficient  so  long  as  the  cross-cuts  remain  distinct.  Other- 
wise holes  can  be  cut  in  the  stone  and  filled  with  lead,  the  exact 
intersection  marked  by  small  holes  punched  in  the  lead. 
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Yellow  Locust  makes  a  hard,  durable  monument.  The  exact 
intersection's  marked  with  a  small  nail.  These  are  less  expensive 
than  the  stone. 

It  would  be  better  probably  to  use,  say  one  third  or  one  half 
stone  and  the  remainder  timber. 

As  to  the  proper  number  and  positions,  opinions  and  practice 
diifer.  One  is  sometimes  set  at  the  intersection  of  the  centre  lines 
of  streets.  Again,  two  may  be  used  on  diagonal  opposite  comers ;  and 
again,  four  may  be  used  at  each  intersection,  set  about  the  middle  of 
the  pavements  on  the  diagonal  lines.  In  every  case  they  should  be 
set  with  their  tops  either  flush  with  the  ground  or,  better,  a  few 
inches  below.  The  character,  position  of  points  on  top,  number 
and  positions  of  the  monuments,  should  be  recorded  on  the  sectional 
maps. 

GRADES  ON  STREETS. 

64.  With  time  and  a  good  topographical  map  the  street-lines 
and  their  grades  can  be  adjusted  to  the  best  advantage.  This  is 
seldom  done,  as  in  a  rolling  district  a  large  amount  of  excavation 
and  embankment  would  be  required  for  the  streets,  and  a  large 
number  of  builders  would  have  to  provide  basement  stories  or 
cut  to  great  depths.  Grades  are  usually  adjusted  to  the  ground  in 
order  to  keep  both  fills  and  excavations  within  reasonable  limits. 

The  following  are  a  few  examples  of  the  widths  and  grades 
of  streets  of  some  large  cities : 

Table  X. 


City  of— 


New  York 

Syracuse,  N.  Y 

Lowell,  Mass 

Trentou.  N.  J 

RicbmoDd,  Va  

WashiDgton,  D.  C 

Providence,  R.  I 

St.  Paul,  Minn 

Milwaukee.  Wis 

Loudon,  Eng 


Width  of  Streets  between 

Building-lines. 

Max.  Grades 

Feet  per 
100  Feet. 

Max.  Feet. 

MIn.  Feet 

100 

60 

13 

130 

38 

20 

70 

80 

16 

80 

80 

8 

118 

80 

8 

160 

80 

225 

10 

» 1 

200 

50 

100 

60 

9 

80 

12 

4 

Average 
Widths  of 
Sidewalks 

in  Feet. 


15 

14 
16  to  6 


( the  width 
of  the  street. 

25  to  12 
15  to  3 
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The  proper  adjustment  at  street  intersections,  where  the  grades 
are  different,  will  be  alluded  to  under  Street  Construction. 


ART.  IX. 
HYDROGRAPHY  AND  HYDROGRAPHIO  SURVEYING. 

65.  Canals  are  simply  artificial  water-channels.  They  may  be 
constructed  for  navigation^  irrigation,  drainage,  or  sewerage,  and  to 
supply  cities  with  water. 

As  the  rainfall  is  the  original  source  of  water-supply  for  any 
purpose,  it  becomes  necessary  to  know  the  drainage  area  of  any 
watercourse  or  district,  and  the  amount,  periods,  and  duration  of 
the  rainfall  upon  it. 

66.  Drainage  Area, — The  surface  of  any  continent  is  divided 
into  a  series  of  districts,  which  are  inclosed  on  all  sides  but  one  by 
a  ridge-line,  or  watershed  line  as  it  is  called.  A  large  proportion 
of  the  water  on  one  side  of  this  ridge-line  finds  its  exit  either 
directly  or  indirectly  at  the  lower  and  open  side  of  such  a  district. 
This  district  constitutes  a  drainage  area  or  catchment-basin. 
It  may  be  thousands  of  miles  in  length  and  hundreds  in 
width.  It  is  traversed  by  one  main  stream  having  its  source  or 
head  on  the  main  ridge  and  its  mouth  in  some  bay,  gulf,  or  ocean. 
This  river  gives  the  name  to  the  district,  and  it  is  generally  spoken 
of  as  the  Mississippi,  or  the  James  River  Valley,  or  some  other 
similar  appellation. 

Such  a  main  stream  follows  a  sinuous,  meandering  course  around 
the  spurs  or  secondary  watersheds,  which  project  out  from  the 
main  ridge-line,  and  divide  the  main  drainage  area  into  a  series  of 
secondary  basins,  each  of  which  has  its  own  stream — large  or  small 
according  to  the  area  it  drains.  These  streams  fiow  into  the  main 
stream  and  are  called  tributaries.  A  survey  of  such  a  district  will 
enable  its  area  to  be  determined. 

67.  The  second  important  factor  in  a  water-supply  is  the  amount 
of  rainfall  on  any  given  district,  as  the  drainage  area  is  measured 
in  square  miles  or  acres,  according  to  its  dimensions.  The  rainfall 
is  measured  as  the  depth  to  which  this  area  would  be  covered  by 
water,  this  depth  being  usually  measured  in  inches. 
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In  any  large  district  the  annual  rainfall  not  only  varies  from 
year  to  year,  but  also  in  different  parts  of  the  same  district.  In 
some  cases  also  the  rainfall  may  be  distributed  throughout  the 
year— a  little  each  month,  less  or  more  in  the  several  months, 
or  it  may  be  concentrated  in  two  or  three  months,  followed  by 
periods  of  drought  with  little  or  no  rainfall.  And  often  a  large 
percentage  of  the  annual  rainfall  may  be  measured  by  the  fall  in  a 
few  hours  or  days.  It  becomes  necessary  therefore  to  determine: 
1st.  The  maximum  annual  rainfall.  2d.  The  mean  annual  rain- 
fall. 3d.  The  least  annual  rainfall.  4th.  The  general  distribution 
throughout  the  year;  and,  finally,  the  greatest  rainfall  in  any  short 
period. 

It  is  also  important  to  know  what  proportion  of  the  rainfall 
escapes  by  evaporation  from  the  surface;  what  proportion  is  ab- 
sorbed by  or  sinks  in  the  ground,  all  or  a  portion  of  which  finds  its 
way  into  the  streams  at  some  lower  level;  and,  finally,  what  propor- 
tion flows  directly  and  rapidly  into  the  tributaries  and  main  water- 
courses. These  latter  proportions  are  all  more  or  less  indefinite 
and  indeterminate. 

68.  The  amount  of  rainfall  in  any  of  its  phases  can  be  found 
approximately  by  the  use  of  a  number  of  rain-gauges  distributed  over 
the  drainage  area  and  by  repeated  examinations  of  the  gauge.  A 
rain-gauge,  or  pluviometer,  consists  of  three  parts:  the  collector 
A,  the  receiver  B,  and  the  overflow  attachment  C.  The  overflow 
or  encasing  vessel  is  simply  a  hollow  cylinder,  23^  inches  long  and 
6  inches  diameter.  The  collector  is  a  funnel-shaped  arrangement, 
the  upper  2^  inches  being  cylindrical  and  8  inches  in  diameter;  at 
its  bottom  the  receiver,  20  inches  long  and  2.53  inches  diameter,  is 
connected.  Its  cross-sectional  area  is  exactly  0.1  of  the  area  of  the 
collector,  so  that  the  depth  of  the  water  measured  is  ten  times  that 
of  the  rainfall.  The  collector-  rests  on  top  of  the  overflow  cylinder 
into  which  the  receiver  extends.  The  whole  is  then  placed  in  a 
close-fitting  box,  which  is  sunk  into  the  ground  in  some  clear  open 
space,  and  at  least  30  feet  from  any  building  or  other  obstruction. 
The  upper  rim  of  the  collector  should  be  about  one  foot  above  the 
surface,  and  its  plane  should  be  horizontal.  The  depth  of  water  in 
the  receiver  is  measured  by  a  graduated  rod,  or  the  receiver  may  be 
of  glass,  and  the  graduations  of  inches  and  fractions  of  an  inch  can 
be  made  on  it,  from  which  the  depth  can  be  determined  directly. 
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To  measure  the  snow^  the  collector  and  receiver  can  be  removed^ 
and  the  snow  collected  in  the  overflow  cylinder  and  melted;  or  the 
cylinder  may  be  inverted  and  pressed  through  the  snow  to  the  sur- 
face on  some  space  indicating  an  average  fall,  and  a 'piece  of  tin 
slipped  under  it.     It  is  then  lifted  and  melted. 

69.  The  following  Table  XI  shows  the  mean  annual  precipita- 
tion in  some  of  the  more  important  river-basins. 

In  Italy  the  average  annual  precipitation  is  about  40  inches.  In 
India  in  some  places  it  is  as  high  as  from  100  to  300  inx^hes  per 
annum. 

Table  XI. 


Rio  Grande  River,  Summit 

»  t  t  4  t  f 

Gila  River 


(t 


1 1 


Platte  River. . . 
Missouri  River. 


(f 


ti 


Altitude 
In  Feet. 


11,800 

5,082 

6,022 

1.068 

141 

14.184 
4,500 
5,480 
1,955 


Mean  Annual 

Precipitation 

in  Inches. 


29.0 
7.19 

14.72 
7.38 
2.81 

28.65 
8.08 

16.0 

10.60 


Mean 

Precipitation 

April  to  August 

in  Inches. 


4  to  8 

8  to  5 
lto8 

7  to  10 
5 


FRBCIPITATION  BT  STATES. 


Arizona  (Fort  A^u:he) 

(Texas  Hill 

New  Mexioo  (Las  Vegas) 

•*  *'       (Albuquerque)... 

Calif omia  (Summit) 

' '         (ISocramento) 

Nevada  (Pike's  Peak) 

(Monte  Vista) 

UtahfNcphl) 

••     (St.  George) 

Idabo  (Eagle  Rock) 

*'      (Bowe) 

Wyoming  (Clieyenne) 

(Fort  McKinney)... 

Montana  (Helena) 

(Fort  Benton) 


*t 


5,050 

855 

6,418 

5,026 

7,017 

64 

14,184 

7,765 

5.550 

2,880 

4,781 

1,198 

6,105 

•  «  •  ■ 

4,266 
2,730 


21.04 

8.47 

22  08 

7.19 

48.56 

19.80 

28  65 

6.91 

18.19 

6.74 

18.67 

14.74 

1.32 

9.60 

14.26 

13.30 


10.27 
0.66 

12.70 
4.22 

•  •  •  • 

2.78 
• . . . 
4.18 
7.40 
1.82 
4.69 
4.11 
5.55 
4.45 
4.48 
5.45 


It  will  be  obseryed  that  throughout  the  western  portions  of  the 
United  States  the  precipitation  in  the  high  mountains  is  much 
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greater  than  Id  the  adjacent  low  valleys.  In  winter  the  rainfall  is 
relatively  low  in  the  valleys  and  high  in  the  uplands.  Often  a  large 
proportion  of  the  rainfall  occurs  during  the  early  spring  months. 

The  above  are,  only  a  few  of  the  records  in  these  States.  For 
fuller  information  the  reader  is  referred  to  Mr.  H.  M.  Wilson's 
work  on  Irrigation  Engineering,  from  which  much  information  on 
matters  pertaining  to  this  subject  has  been  obtained. 

Great  Rainfalls. — In  Yuma,  Arizona,  the  average  annual  rain- 
fall is  about  3  inches.  In  February,  1891,  2^  inches  fell  in  24 
hours.  In  San  Diego,  California,  the  average  annual  fall  is  about 
12  inches.  At  the  above  date  13  inches  fell  in  23  hours,  and  23^ 
inches  in  54  hours.  As  much  as  17  inches  in  24  hours  was  regis- 
tered in  California.  Such  storms  may  increase  an  average  flood 
discharge  of  10,000  second-feet  (cubic  feet  per  second)  to  from 
140,000  to  350,000  second-feet.  The  precipitation  is  not  nnfre- 
quently  as  high  as  from  3  to  5  inches  per  hour. 

70.  Evaporation  and  Absorption. — An  important  question  is 
what  becomes  of  the  rainfall.  Many  experiments  have  been  made 
to  determine  the  evaporation  and  percolation  in  different  soils,  with 
no  very  satisfactory  results,  however.  Evaporation  is  greatest  when 
the  atmosphere  is  dryest,  and  when  the  water  is  warm  and  its  sur- 
face agitated  by  brisk  winds.  In  summer  the  cool  surfaces  of 
deep  waters  condense  the  moisture  from  the  warm  air  passing  over 
them,  and  thereby  gain  moisture,  the  difference  between  the  two 
being  the  resultant  loss  by  evaporation. 

Evaporation  is  greater  in  the  desert  regions  of  the  Southwest 
than  in  the  high  mountains.  It  may  vary,  according  to  altitude, 
temperature,  etc.,  from  0.6  to  1  in  winter  and  from  6  to  14  inches  in 
the  summer  months.  The  evaporation  from  snow  may  amount  to 
0.02  of  an  inch  per  day  or  2^  inches  in  a  season,  and  from  ice  0.06 
"inch  per  day  or  7  inches  in  a  season.  The  evaporation  from  ordi- 
nary soils  is  about  3  inches  less  than  from  water  surfaces,  but  it  is 
much  less  from  sandy  soils.  From  some  observations  where  the 
mean  evaporation  from  water  was  20.4  inches,  from  earth  19.7 
inches,  it  was  only  3.7  inches  from  sand. 

Percolation. — The  losses  due  to  percolation  in  canals  and  storage 
reservoirs  are  considerable,  and  added  to  evaporation  may  amount 
to  from  25  to  100  per  cent,  according  to  the  character  of  the  soil. 
In  some  soils  the  evaporation  may  greatly  exceed  the  percolation. 
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Bat  in  sandy  soils,  or  rather  sand,  this  condition  will  be  reversed. 
Loss  from  percolation  is  small  on  steep  and  rocky  slopes.  In  dense 
forests,  with  gentle  slopes  and  a  covering  of  earth,  leaves,  etc.,  the 
percentage  of  percolation  is  high.  From  observations  made  in  1872, 
with  a  rainfall  of  23.8  inches  the  evaporation  from  water  was  20.4 
inches,  percolation  in  earth  4  inches,  and  in  sand  20.1  inches. 
And  from  observations  made  in  Bavaria  it  was  fonnd  that  on  open 
bare  ground  the  percolation  was  11  per  cent,  but  in  forests  it  was 
36  per  cent,  of  the  rainfall. 

71.  It  is  usual  to  combine  the  losses  by  percolation  and  evapo- 
ration under  the  head  of  loss  by  absorption.  In  ordinary  canals  in 
India  the  loss  by  absorption  has  been  found  to  be  about  1  second- 
foot  per  linear  mile.  In  new  canals  the  loss  is  greater,  and  in 
sandy  soils  it  will  amount  to  from  40  to  60  per  cent  of  the  volume 
entering  the  head,  on  long  lines.  In  shorter  lengths  it  may  not 
exceed  25  to  30  per  cent  of  the  volume,  the  lengths  being  about  40 
miles.  Where  canals  and  reservoirs  have  sandy  beds  the  losses 
from  evaporation  and  percolation  may  be  about  equal;  but  if 
the  bottom  is  silted,  clayey  or  lined  with  clay,  the  loss  from 
percolation  will  be  relatively  small.  These  losses  are  often  to  a 
great  extent  compensated  for  by  seepage- water  from  the  hillsides, 
or  by  a  return  of  the  water  lost  by  percolation  and  drainage  to  the 
canals  at  lower  levels.  In  fact  the  actual  quantity  may  be  more 
than  that  originally  supplied  to  the  canals.  It  is  a  well-known 
fact  that  in  wells  from  60  to  80  deep  to  the  water  surface  origi- 
nally, the  water  surface  has  been  raised  to  within  10  to  15  feet 
below  the  ground  surface  after  long-continued  irrigation  in  the  ad- 
jacent districts. 

The  greater  the  absorbing  area  the  greater  will  be  the  loss.  It  is 
then  bad  practice  to  let  the  water  spread  over  large  areas  by  simply 
building  one  bank  across  a  depression.  It  saves  some  expense  in 
construction,  but  entails  loss  from  absorption. 

DISCHARGE  OF  STREAMS. 

72.  The  available  and  useful  water-supply  must  be  measured  by 
the  quantity  flowing  in  streams  and  rivers. 

This  includes  not  only  that  which  flows  directly  on  the  surface 
of  the  drainage  area  into  the  watercourges,  but  also  that  portion 
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which  after  disappearing  in  the  surface  reappears  in  springs  and 
seepage  water,  and  ultimately  reaches  the  watercourses.  This 
quantity  is  known  as  the  run-off,  and  is  expressed  either  as  so 
many  second-feet,  or  as  so  many  inches  in  depth  over  the  entire 
drainage  area,  or  as  so  many  acre-feet.  Many  formulsB  have  been 
proposed  for  calculating  the  run-off;  none  of  them  is  reliable  or 
satisfactory.     Mr.  J.  T.  Fanning  gives  the  following : 

Z>  =  200(i/)*; '•    •     (35) 

in  which  if  is  the  area  of  the  watershed  in  square  miles,  D  the  vol- 
ume of  discharge  in  second-feet.  In  India  the  two  following 
f ormulsB  are  used : 

D  =  CVW    and    D  =  C\^W.    ....     (36) 

Where  the  maximum  recorded  rainfall  was  from  3  to  6  inches 
in  24  hours  the  following  are  some  of  the  values  of  the  coefficient 
(7:  For  3.5  to  4  inches  in  flat  countries,  (7=  200;  mixed  country, 
(7=  250;  hilly  country,  C  =  300;  and  for  a  maximum  rainfall  of 
6  inches  C  varies  between  300  and  350  for  the  first  of  the  two 
formulae;  for  the  second  C  varies  between  400  and  500  in  flat  coun- 
tries to  650  in  hilly  countries  with  maximum  rainfall. 

In  the  Eastern  rivers,  where  the  basins  are  comparatively  flat, 
and  covered  with  earth  and  forests,  the  streams  are  not  liable  to 
excessively  high  or  low  water,  as  a  large  portion  is  absorbed  by  the 
ground  and  returned  gradually  to  the  streams.  In  the  Western, 
with  barren  and  rocky  surfaces  and  steep  slopes,  a  large  quantity  of 
the  water  flows  direct  into  the  streams,  causing  very  high  floods  for 
short  periods,  subsiding  in  a  few  hours  or  days  to  insigniflcant 
rivulets.  The  run-off  is  found  to  be  from  50  to  80  per  cent  of  the 
rainfall,  according  as  the  slopes  are  flat  and  timbered,  or  steep  and 
barren.     These  may  be  taken  as  mean  discharges  of  streams. 

73.  Wells  and  springs  usually  derive  their  water-supplies  from 
shallow  gravel,  sand,  or  marl  formations,  which  find  an  outlet  at 
the  surface,  or,  if  excavated  into,  at  no  very  great  depths  below 
the  surface.  They  are  more  or  less  affected  by  recent  rains,  and 
their  temperature  by  that  at  the  surface.  If,  however,  such  water- 
bearing strata  have  no  outlets  except  at  elevated  points  well  above 
their  lower  portions,  being  encased  in  impervious  strata,  an  artesian 
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basin  is  formed.  If  pipes  or  shafts  are  sunk  from  the  surface  into 
them  the  water  will  rise  to  great  elevations  in  them  and  often 
sponting  out  above,  the  surface^  due  to  the  hydrostatic  pressure  of 
the  water  in  the  strata.    These  are  called  artesian  wells. 

Artesian  wells  may  have  any  depth.  Some  of  the  deepest  are 
from  3000  to  5000  feet.  Up  to  1890  there  were  8097  artesian  wells 
in  the  arid  regions  of  the  West  and  Southwest.  Their  average 
depth  is  210  feet,  average  cost  $245,  and  average  discharge  54.4 
gallons  per  minute.  Sometimes  tunnels  are  run  under  and  near 
the  dry  beds  of  old  streams;  these  are  often  run  for  a  half  to  one 
mile  into  the  water-bearing  strata.  Sometimes, -also,  dams  are  con- 
structed below  the  surface  and  extended  below  the  water-bearing 
strata,  thereby  cutting  off  the  flow  and  bringing  the  water  to  tlie 
surface. 

THE   FLOW  AND  MEASUREMENT  OF  WATER  IN  OPEN  CHANNELS. 

74.  The  motion  or  flow  of  water  is  due  to  the  action  of  gravity 
on  its  molecules,  the  general  phenomenon  being  the  same  as  the 
falling  or  rolling  down  an  inclined  plane  of  solid  bodies.  The  par- 
ticles composing  a  mass  of  water,  however,  flow  or  roll  over  and 
among  each  other  with  an  inappreciable  frictioual  resistance. 

The  weight  of  distilled  water  at  its  maximum  density,  39.2 "". 

Fahr.,  weighs  62.425  pounds  per  cubic  foot.     Both  above  and  below 

this  temperature  the  weight  of  a  given  volume  decreases.    At  32"" 

Fahr.,  the  freezing-point,  it  weighs  62.417  pounds,  and  at  60°  Fahr. 

it  weighs  62.367  pounds,  per  cubic  foot.   At  the  boiling-point,  212°,  it 

only  weighs  59.707  pounds  per  cubic  foot.    A  cubic  foot  of  ice  weighs 

57.3  pounds.    A  United  States  gallon  weighs  8.3799  pounds,  equiva- 

62  425 
lent  to      '  Q    =  7.45  gallons.    A  cubic  foot  of  water  is  usually 

o.  til  99 

taken  at  62.5  pounds,  and  7^  gallons  to  the  cubic  foot.  Ordinary 
river,  spring,  and  sea^water  are  slightly  heavier  than  pure  water 
on  account  of  the  salts  and  solid  materials  contained  in  them. 

Owing  to  the  almost  perfect  freedom  of  motion  or  want  of  fric- 
tion  amongst  the  particles  of  water,  the  angle  of  repose  0  for 
» water  is  zero,  and  its  natural  slope  is  horizontal;  and  the  action  of 
gravity  will  in  consequence  cause  motion  with  the  slightest  inclina- 
tion of  the  bed  of  the  channel.     In  one  of  the  tunnels  mentioned 
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the  cross-section  is  1.7  X  3  feet,  the  discharge  aboat  9  second-feet^ 
and  slope  of  bed  3  in  1000  or  0.003  of  a  foot  per  foot  of  length. 

75.  Primarily  the  flow  of  water  is  goTemed  by  the  same  laws  ^& 
falling  bodies, 

v^gt,    t^\^^,    and    v  ^  V^h,    .    .    .    (37) 

if 

in  which  g  is  the  acceleration  of  gravity  equal  to  32.2  feet  per 
second^  t  is  any  number  of  seconds,  v  is  the  velocity  acquired  in 
the  time  t,  h  is  the  height  of  fall  necessary  to  produce  any  given 
velocity : 

*  =  V  =  4 ^^^^ 

The  above  value  of  the  velocity  v  is  necessarily  modified  by  the 
relations  between  the  area  of  cross-section  A  in  square  feet  and  the 

wetted  perimeter  p  in  linear  feet,  and  —  =  r  is  called  the  hydraulic 

mean  depth  or  radius;  also  by  the  character  of  the  bed  and  sides 
of  the  channel  or  the  surfaces  along  which  frictional  resistances  to 
flow  are  developed,  which  not  only  varies  with  the  condition  as  to 
roughness  and  materials  forming  the  bed  and  sides  of  the  channels, 
but  with  the  presence  of  weeds,  stones,  bowlders,  etc.;  and  finally 
upon  the  surface  slope  expressed  as  the  ratio  of  fall  h  to  length  /, 

that  is,  sine  of  angle  of  slope  =  j  =  i.    These  conditions  varying 

so  greatly  render  any  formula  unreliable  and  uncertain ;  nor  does 
the  velocity  at  any  point  correspond  strictly  with  the  slope,  as  the 
inertia  of  the  water  tends  to  produce  uniform  motion  on  varying 
slopes.  Therefore  the  simple  difference  of  level  between  water 
surface  at  any  two  points  will  not  necessarily  determine  the  velocity 
of  flow  at  the  lower  section.  It  would  be  necessary  for  the  slope 
to  be  uniform  for  a  considerable  distance  above  and  below  the 
section  in  question.  A  simple  formula  representing  the  mean 
velocity  of  flow  is 


V  =  y -^  X  Vri, 


(39) 
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in  which  gy  Vy  and  i  have  the  values  given  above,  and  ^  is  a  varia- 
ble coefficient  varying  with  the  other  conditions  modifying  the 
velocity,  m  varies  between  0.05  for  a  value  of  hydraulic  mean 
radius  r  =  0.25,  to  0.0298  for  r  =  1,  and  then  diminishes  con- 
stantly to  0.0074  for  r  =  10,  and  0.002  for  r  =  25. 
D'Arcy's  formula  is 


V  =  ry 


''^'  (40) 


0.08534r  +  0.35* 


i  =  T  as  before,  and  r  =  — . 

The  formula  now  more  commonly  indorsed  is  known  as  Kutter^s 
formula,  and  is  as  follows: 

1:B11+41.6  +  ^.^^  1     ■ 

^^-7 0:00^^^         n    'rX4/n=CVW.(41) 

1+(41.6  +  -^)    x;^J 


v=   ^ 


V  =  velocity  of  flow  in  open  channels;  r  =  hydraulic  mean  radius 
equal  to  area  of  cross-section,  in  square  feet  divided  by  wetted  area 

in  feet;  i  =  sine  of  angle  of  slope  =  y,  the  fall  divided  by  the 

length  in  the  same  units;  and  n  the  coefficient  of  roughness. 

Some  of  the  values  of  n  are  as  follows : 

n  =  0.009  for  well-planed  timbers,  and  0.012  for  rough  timber; 

n  =  0.01  for  plaster  in  cement,  glazed-iron  pipes,  and  glazed-stone- 
ware pipes;  ' 

n  =  0.013  to  0.017  for  ashlar  masonry,  tuberculated-iron  pipes,  and 
brickwork,  according  to  smoothness  of  the  surface  and  its 
condition; 

n  =  0.02  for  rubble  in  cement,  coarse  rubble  of  all  kinds,  also 
coarse  gravel  carefully  laid  and  rammed,  or  for  rough 
rubble  where  the  interstices  have  become  filled  with  silt; 

n  =  0.0225  for  good  earth  canals;  and  from  0.025  to  0.03  for  those 
having  tolerably  uniform  cross-section  and  slopes  to  those 
in  rather  bad  condition  having  some  stones  and  weeds  ob- 
structing the  channels; 

n  =  0.035  to  0.05  for  canals  and  rivers  with  earth  beds  in  bad 


ioSo*  6  0^dd>  ITJ  Joo* 

C  =  35.7 

80.3 

99.9 

C  =  33.0 

80.3 

103.7 

C  =  30.5 

80.3 

107.9 

Q  =  19.7 

51.6 

69.2 

C  =  18.3 

51.6 

72.2 

C  =  17.1 

51.6 

75.4 
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condition  and  obstructed  by  stones,  etc.,  to  torrents  covered 
with  all  varieties  of  detritns. 
It  is  usually  better  to  use  the  higher  values  of  n  =  0.0225  and 

0.035,  with  these  values  and  the  Vr  =  0.4,  1.8,  and  4.0,  and  i 


fori  in    1000  and  w  =  0.0225; 
"     "       5000    "      "         "; 
"     "     10000    "      ''         *'; 
*'     «       1000    "      "        0.035; 
"     "       5000    *'      "  '*; 

"     "     10000    "      "  ". 

Such  tables  are  worked  out  in  many  books  with  the  different 
values  of  t,  r,  w,  and  are  useful  in  saving  the  labor  of  calculation. 
They  are  found  in  such  works  as  Wilson's  Irrigation  and  John- 
son's Surveying. 

76.  It  is  interesting  to  understand  the  methods  adopted  in 
evolving  such  formulaB.     Assuming  a  uniform  bed  and  slope. 

Let  A  =  area  of  cross-section;  p  =  wetted  perimeter; 

r  =  —  =  hydraulic  mean  radius; 

V  =  velocity  in  feet  per  second  (  =  1  for  one  second) ; 

t  =  surface  slope  =  sin  or  =  j;  7*  =  fall  in  length  l\ 

Q  =  quantity  discharged  in  one  second; 

8  =  wetted  surface  in  length  I  =pl; 

f  =  coefficient  of  friction  per  unit  of  area  8; 

w  =  weight  one  cubic  foot  of  water  =  density  or  heaviness. 

Then,  since  the  friction  varies  with/,  w,  8  and  the  square  of  v, 
the  total  frictional  resistance 

R  =  8wfv\ (42) 

the  work  K  performed  in  overcoming    this  in  one  second  of 
time 

=  K=Rv==fw8v*; (43) 

and  if  the  velocity  is  uniform,  as  assuraed,  K  is  also  the  work  per- 
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formed  by  gravity  on  this  same  mass  of  water  in  falling  through 
the  difference  of  level  h.    Hence 

jE'=  weight  X  fall  =  Qwh  =:fwSv*  —  vAwh,  .     .    (44) 

as  the  quantity  is  equal  to  velocity  by  the  area  =  Q  =  vA. 

Then 

A  h 

S  =  plr=:  — ,  and  r  =  sin  a  =  i.     Hence 


and 


A  =  »7  =  -^V  =  :^t;«;    .-.  1=-^;      ,     .     .     (46) 
rp  r  T 


.'=V^ 


,.  H,  but    i/l//=  G\  :,  V  =  C^/ri.  (47) 

This  is  known  as  the  Ghezy  formula,  and  Kutter^s  formula  is 
an  adaptation  of  this  to  all  cases  of  constant  flow  as  expressed  in 
the  somewhat  complicated  coefficient  equation  (41). 

Cro8S'SecHo7i  of  Least  Resistance. — Prom  equation  (47)  it  is  seen 

that  for  channels  formed  by  a  given  material  with  surfaces  in  a 

given  condition  the  coefficient  (7  is  constant,  and  with  a  uniform 

dope  of  surface  i  is  constant.    Under  these  conditions  the  velocity 

varies  as  the  square  root  of  the  hydraulic 

A 
mean  radius  r  =  — .     The  maximum  value 

P 
of  r  will  exist  when  with  a  given  area  A  the 

value  of  the  wetted  perimeter  p  is  the  least.  '^^*  ^* 

This  corresponds  to  a  circular  cross-section  for  a  closed  conduit 

aud  a  semicircular  for  an  open  channel.    In  either  case 

nK"       R 


r  = 


2nR       2 ' 


in  which  R  is  the  radius  of  the  circle.  It  is  ordinarily  inconvenient 
to  give  a  circular  form  to  the  cross-section  of  an  open  channel;  it 
is  usually  polygonal,  and  should  conform  as  closely  as  possible  to 
the  circle  of  the  required  area  as  seen  in  Fig.  36. 

If  the  slope  is  great  and  it  is  desirable  to  reduce  the  velocity  of 
flow,  the  channel  should  be  made  wide  and  shallow. 
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THE   DISCHARGE   OE   VOLUME   OF   FLOW. 

77.  The  volume  of  discharge  in  a  river  or  canal  is  the  product 
of  the  area  of  cross-section,  usually  in  square  feet,  and  the  velocity 
of  flow  in  feet  per  second  or  per  minute.  This  product  gives  the 
volume  of  water  passing  any  section  in  cubic  feet  per  second  or 
minute,  and  is  usually  expressed  as 

Q  =  vA, (48) 

as  in  certain  stretches  or  lengths  of  streams  the  quantity  Q  of  flow 
is  the  same,  regardless  of  the  form  and  dimensions  of  the  cross- 
section  and  also  of  the  velocity  of  flow  at  any  given  section.  It  is 
usual  to  select  a  point  on  a  stream  where  the  cross-section  is  fairly 
uniform  and  approximating  some  regular  geometric  figure,  and 
where  the  velocity  is  moderate  and  fairly  uniform  for  a  distance  of 
100  feet  or  more  above  and  below  the  point  selected.  To  determine 
the  area  of  cross-section  it  is  necessary  to  make  a  number  of  ac- 
curate soundings  on  a  straight  line  as  nearly  perpendicular  to  the 
direction  of  the  current  as  possible.  This  forms  a  series  of  tri- 
angles, trapezoids,  or  rectangles  whose  areas  are  determined  from 
the  soundings  and  their  distances  apart.  The  area  of  the  entire 
section  is  the  sum  of  these  smaller  areas.  This  is  a  simple  opera- 
tion on  small  streams  with  low  velocities;  and  is  a  difficult  one  on 
large  streams  with  even  low  velocities,  but  especially  so  with  high 
velocities.  As  it  is  difficult  to  locate  and  hold  the  exact  positions 
of  the  soundings,  which  have  to  be  done  by  the  use  of  two  transits 
at  the  ends  of  a  base-line  on  the  shore,  or  by  the  sextant,  locating 
the  positions  of  the  soundings  from  the  boat  or  position  itself,  this 
operation  involves  the  well-known  three-point  problem.  And 
when  the  position  is  satisfactorily  located,  it  is  difficult  on  account 
of  the  force  of  the  current  to  make  the  sounding  accurate,  either 
in  position  or  in  the  depth  of  the  water.  These  difficulties  have 
to  be  encountered  and  overcome. 

78.  The  determination  of  the  velocity  is  simple,  but  also  in- 
volves great  care  and  a  large  number  of  determinations,  as  it  is  the 
mean  velocity  over  the  entire  cross-section  that  is  desired- and  nec- 
essary to  be  known.  It  may  be  stated  that  the  surface  velocity  is, 
as  a  rule,  a  little  slower  than  that  some  distance  below  the  surface, 
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owing  to  the  resiBtance  of  the  atmosphere.  The  velocity  close  to 
the  beds  and  sides  of  the  channels  is  greatly  reduced  by  friction, 
which  varies  with  the  nature  of  the  material  and  its  condition  as 
to  roughness  and  smoothness.  It  has  been  found  that,  in  an  aver- 
age trapezoidal  cross-section,  the  mean  velocity  of  the  entire  chan- 
nel is  near  the  centre  of  the  channel  and  at  a  point  about  one  third 
of  the  depth  below  the  surface.  It  has  also  been  found  that  the 
mean  velocity  is  from  0.9  to  0.8  of  the  surface  velocity  at  the  cen- 
tre of  the  stream.  If,  therefore,  a  number  of  small  floats  be 
thrown  into  a  stream  some  distance  above  the  required  point,  say 
100  or  200  feet,  fixed  by  measurement,  and  the  time  taken  to  pass 

Q  ist&u  ce 
over  this  distance,  the  velocity  v  =  — p gives  the  mea^  surface 

velocity,  and  about  0.8  of  this  mean  surface  velocity  will  give  the 
mean  velocity  of  the  entire  section. 

79.  The  mean  velocity  can  also  be  approximately  determined  by 
the  use  of  floats  from  4  to  8  feet  in  length,  so  weighted  at  their 
lower  extremities  as  to  float  in  a  vertical  position  and  with  their 
npper  extremities  only  an  inch  or  two  above  the  surface  of  the 
water. 

Such  floats  can  be  made  of  hemlock  or  other  light  timber  from 
4x  4  to  6  X  6  inches  cross-section  and  in  lengths  from  4  to  8  feet, 
which  should  be  immersed  in  water  a  day  or  more  before  required. 
Weights  are  then  attached  to  the  bottom  in  amounts  required  to 
make  them  sink  deep  in  the  water  and  stand  upright.  These  are  de- 
posited in  the  water  at  certain  intervals  across  the  stream,  the  lengths 
nsed  varying  with  the  depth  of  the  water.  The  time  taken  to  pass 
over  measured  distances  will  give  directly  the  mean  velocity  of  the 
entire  stream.  This  operation  is  one  of  the  prerequisites  to  ob- 
taining authority  from  the  Secretary  of  War  for  constructing 
bridges  across  navigable  streams  in  the  United  States.  It  will 
not  be  inappropriate  in  this  place  to  explain  the  manner  of 
complying  with  this  requirement,  which  is,  that  such  floats 
shall  be  placed  at  a  sufficient  number  of  points  in  the  width 
of  a  river,  say  50-feet  intervals,  and  allowed  to  float  down 
the  stream  from  points  a  mile  above  the  proposed  bridge  site 
to  points  one-half-mile  below.  Observations  from  two  transits 
at  the  ends  of  a  base-line  are  to  be  taken  every  minute  or 
half-minnte,  according  to  the  velocity  of  the  stream.    This  ob- 
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viously  requires  the  location  of  the  float  at  each  starting-point.  If 
the  river  is  not  over  1000  to  1500  feet  in  width,  a  strong  cord  or 
wire^  with  small  floats  attached  at  dO-feet  intervals,  can  be  stretched 
across  the  river  a  little  above  the  starting-line.  The  float  can 
then  be  dropped  at  the  proper  positions.  The  transit-men  then 
take  simultaneous  observations^  the  time  being  called  out  or 
signalled  by  an  assistant  holding  a  watch  in  his  hand.  It  is  diflGi- 
cult  to  get  a  straight  base  of  sufficient  length  to  prevent  the  use  of 
very  small  angles,  and  it  may  be  necessary  to  stop  the  float  after 
passing  over  about  one  half  of  the  required  distance,  carry  it  back 
to  the  starting-line  and  let  it  float  down  the  same  distance,  and 
continue  this  operation  until  the  entire  width  of  the  river  has  been 
covered.  Then  from  a  new  base  the  lower  half  of  the  work  can 
be  carried  on  in  the  same  manner  as  described;  or,  better,  a  bent 
base  could  be  measured  and  three  transits  used,  the  upper  and 
the  middle  one  for  the  upper  half  of  the  observations,  and  at  a 
given  signal  the  middle  and  the  lower  transit  used.  This  will  give 
continuous  lines  of  current  over  the  entire  distance,  giving  both 
the  velocity  and  direction  of  the  current  along  them.  With  this 
system  of  observations  the  exact  positions  of  the  float  at  each 
minute  or  half -minute  is  located,  the  -distances  between  them 
calculated  from  the  known  base  and  measured  angles,  and,  with  the 
time  known,  the  velocity  is  determined  over  any  part  or  over  the 
entire  distance.    It  may  or  may  not  be  uniform. 

80.  Current-fneters, — There  are  a  number  of  current-meters  in 
use.  They  consist  principally  in  wheels  with  vanes  attached,  upon 
which  the  force  of  the  current  acting,  causes  a  certain  number  of 
revolutions  per  minute  or  hour.  This  number  is  recorded  by  some 
mechanical  contrivance.  These  revolutions  are  then  converted  into 
velocity,  for  which  purpose  the  meters  have  to  be  rated  or  stan* 
dardized:  this  ii  done  by  determining  the  number  of  revoln- 
tions  when  the  meter  is  drawn  through  quiet  water  over  a  measured 
distance,  and  noting  the  time.  The  distance  through  which  the 
meter  is  drawn  divided  by  the  time  gives  the  velocity  of  the  meter 
through  the  water.  The  number  of  revolutions  of  the  wheel  di- 
vided by  the  time  gives  the  rate  of  motion  of  the  wheel.  The 
ratio  of  these  two  quotients  gives  a  coefficient  by  which  the  num- 
ber of  revolutions  in  any  case  can  be  converted  into  velocity  of  cur- 
rent.   This  coefficient  is  not  constant,  there  being  a  different  co- 
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efficient  for  each  rate  of  apeed  of  the  meter.  If  the  number  of 
registrations  of  the  meter  per  second  be  taken  as  abscissfe,  called  x, 
and  the  velocity  in  feet  per  second  as  ordinates,  called  i/,  then  t/  = 
ax  -\-b.    a  and  b  are  constants  for  the  given  meter. 

MEASCBINO-WEIRS. 

81.  The  discharge  from  canals  and  streams  of  moderate  size  can 
be  accnrately  and  readily  measured  by  means  of  weirs.  The  three 
forms  of  weir  which  are  more  commonly  tised  are  the  rectangnlar, 
trapezoidal,  and  triangular.  In  both  the  trapezoidal  and  triangular 
the  inclined  sides  have  slopes  of  one  fourth  horizontal  to  one  verti- 
cal.    The  sides  of  the  rectangular  weir  are  vertical 

A  weir  may  be  defined  as  a  dam  constmcted  across  a  stream,  the 
entire  discharge  passing  over  its  crest,  and  commonly  confined  to 
only  a  part  of  its  length.  This  may  be  effected  by  leaving  a  notch 
or  depression  of  the  proper  figure  and  dimensions  in  the  crest  or 
top  of  the  dam,  or  by  cutting  such  a  notch  in  the  crest  of  the  dam. 
These  would  be  permanent,  and  constitute  what  are  iinown  as  waste- 
weira,  the  object  of  which  is  to  prevent  the  water  ninning  over  the 
top  of  the  dam  proper.  For  meaaoring  purposes  the  Weira  are  tem- 
porary dams  of  timber  which  are  provided  with  a  notch,  the  dimen- 
aiona  of  which  in  reference  to  area  and  discharge  of  the  stream  are 
determined  by  erperience  as  giving  the  most  accurate  results.  The 
crest  of  a  weir  may  he  sharp  and  well  defined,  ss  shown  in  Fig.  37. 
This  is  entirely  cleared  by  the  water.    The  wide  ci-eat  is  shown  in 


Pig.  38.  It  has  the  effect  of  increasing  depth  of  water  on  the  weir 
for  a  given  discharge,  as  shown  at  ad' ;  whereas  with  a  narrow  crest, 
the  flow  being  the  same,  the  depth  on  the  weir  would  be  ad. 
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If  in  Fig.  37  the  width  of  the  crest,  instead  of  being  sharp,  as 
shown  by  the  full  lines,  has  a  thickness  ab  equal  to  the  horizontal 
clearance  over  the  sharp  edge,  the  depth  on  the  weir  will  not  be 
altered;  but  if  less  than  ab,  say  ac,  there  will  be  a  tendency  to  a 
yacuum  in  the  space  8  which  may  reduce  the  depth  of  overflow,  as 
shown  by  the  dotted  lines  of  flow. 

For  ordinary  purposes  a  timber  bulkhead  built  across  the  stream 
at  right  angles  to  the  direction  of  the  current,  well  braced  against 
the  water-pressure,  and  having  a  notch  or  weir,  as  it  is  sometimes 
called,  cut  in  it,  will  answer  every  purpose. 

This  construction  is  shown  in  plan,  elevation,  and  cross-section 
in  Fig.  39.  If  the  notch  or  opening  over  the  crest  is  the  full  width 
of  the  stream,  there  will  be  no  side  or  end  contractions;  if  shorter 
than  the  width  of  the  stream,  there  will  be  contractions.  This  is 
shown  in  the  plan. 


Plan  and  Horiiontal  Beottontf 


Elevation 


Cross  Sections 


Fio.  89 


The  above  figures  show  a  weir  of  rectangular  notch.  For  other 
forms  the  general  construction  would  be  the  same,  the  form  of  the 
opening  or  notch  being  varied  to  suit  the  figure  adopted.  The 
crest  and  sides  should  be  chamfered  to  an  angle  of  not  less  than 
30°,  as  shown  in  the  drawings. 

The  dimension  of  the  notch  should  be  sufficient  to  carry  the  en- 
tire discharge,  with  a  depth  of  water  on  the  crest  of  not  less  than  5 
inches.  The  sectional  area  of  the  jet  should  not  exceed  one  fifth 
that  of  the  approaching  stream.     In  order  to  maintain  the  proper 
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proportion  between  the  area  of  the  notch  and  that  of  the  jet,  inter- 
mediate partitions  may  be  introduced,  dividing  the  weir  into  several 
orifices.  In  any  case  the  quantity  of  flow  is  the  mean  velocity 
multiplied  by  the  area  of  the  prism  of  water  or  notch  Q  =  Av. 

The  mean  velocity  of  discharge  is  «  =  f  V2gli,  h  being  the  ver- 
tical distance  between  the  crest  and  a  horizontal  line  coinciding 
with  the  surface  of  the  water  above  the  weir  at  a  point  where  it 
begins  to  lower,  and  is  represented  by  the  line  ad,  Fig.  37.  If  V  is 
the  effective  length  of  the  notch  {V  and  h  both  in  feet),  then  the 
area  is 


V  Xh    and     Q  =  V  x  h  X  i  V2gh.    .     .    .     (48^) 

Equation  (48^)  is  easily  understood  by  remembering  that  the  hor- 
izontal film  of  water  flowing  through  an  orifice  or  over  a  weir  is 
flowing  under  a  head  increasing  from  0  to  h,  and  that  the  mean 
velocity  bears  the  same  ratio  to  the  greatest  as  the  area  of  a  para- 
bolic segment  does  to  its  circumscribing  rectangle;  in  other  words, 
two  thirds  the  velocity  due  to  the  head  A.    From  equation  (48^) 

Q  =  Vxih^V2^. (49) 

It  has  been  found  that  for  one  contraction  the  effective  length 
of  the  weir  V  is  equal  to  the  total  length  I  minus  0.17*;  for  two 
contractions,  as  in  Fig.  39,  0,2h  must  be  subtracted;  and  with  any 
number  n  contractions  OAnh  must  be  subtracted.  Owing  to  the 
falling  away  at  the  crest  it  is  necessary  to  introduce  another  con- 
stant m,  when  formula  (49)  becomes 

Q  =  im  i/2g{l  -  0.lnh)h^  =  cVh^,  .    •    .    .     (50) 

The  factor  |m  V2g  was  found  to  be  3.33;  m  =  0.622;  and  equa- 
tion (50)  becomes 

Q  =  ZM{1  -  OAnh)k^ (51) 

By  imposing  the  conditions  that  the  water  shall  not  be  less  than 
4  nor  more  than  24  inches  in  depth;  that  the  depth  on  the  crest  of 
the  weir  shall  not  exceed  one  third  its  length ;  that  there  shall  be 
complete  contraction  and  free  discharge;  and  that  the  water  shall 
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approach  without  perceptible  velocity  or  cross-currents.  We  may 
use  equation  (52)  to  secure  these  conditions  the  distance  from  the 
side  walls  must  be  at  least  equal  to  the  depth  on  the  weir^  and  the 
distance  of  the  crest  above  the  bottom  of  the  channel  must  be  equal 
at  least  to  twice  the  depth  of  water  on  the  crest.  Air  should  have 
free  access  under  the  falling  water,  and  the  approaching  channel 
should  be  much  larger  than  the  weir  opening. 

^  =  3.33ZA* (52) 

For  trapezoidal  weirs  under  similar  conditions  to  the  above,  the 
distance  of  the  sill  of  the  weir  from  the  bottom  of  the  canal  must 
be  at  least  three  times  the  depth  of  the  weir,  and  its  length  must 
be  at  least  three  times  the  depth  of  water  flowing  over  it.    Then 

Q  =  dMW (52i) 

For  triangular  weirs 

e  =  2.65/fA*, (53) 

in  which  t  is  the  tangent  of  half  the  angle  in  the  notch  of  the 
triangle.    If  the  triangle  is  right-angle  the  formula  used  is 

e  =  0.317A* (54) 

This  gives  excellent  results  on  small  streams. 

The  exact  determination  of  the  value  of  the  height  h  involves 
some  difficulties.  At  a  distance  not  less  than  2^  times  the  height 
of  the  weir  from  the  weir  on  the  up-stream  side  a  rod  can  be  stead- 
ied against  a  post,  with  its  lower  end  just  touching  the  water  sur- 
face; or,  for  greater  accuracy,  a  hollow  column  made  of  plank,  with 
holes  through  the  plank  at  mid  depth,  can  be  set  up  in  the  water. 
This  will  insure  an  undisturbed  surface  in  the  box.  A  graduated 
rod  with  a  hook  at  its  lower  end  is  connected  with  the  box.  This 
rod  can  be  raised  until  the  hook  just  touches  the  surface.  A  read- 
ing with  a  level  can  be  taken  on  this  rod,  giving  the  height  of 
instrument  with  respect  to  the  water  surface.  A  reading  is  then 
taken  with  a  rod  held  on  the  crest  of  the  weir.  The  difference 
gives  an  accurate  value  of  h,  provided  the  velocity  of  approach  is 
imperceptible.     If  there  is  a  velocity  of  approach  the  head  h'  due 
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to  this  mean  velocity  can  be  determined  by  surface  floats^  recollect- 
ing that  the  mean  velocity  is  about  0.8  of  the  surface  velocity. 

It  can  be  readily  shown  that  under  these  conditions  we  should 
make  the  head  /*  in  the  preceding  formulae  A"  =  {(A  +  A')  *— A'j}^- 
See  Fanning's  Water-supply  Engineering. 

An  understanding  of  the  foregoing  principles  in  hydrography 
and  hydrographic  surveying  is  essential^  no  matter  for  what  pur- 
poses a  water-supply  is  required. 

The  author  of  the  following  formulae  is  unknown  to  the  writer  of 
this  volume.  In  Fig.  39^  is  indicated  the  flow  of  a  stream  over 
a  weir.  The  cross-section  of  the  issuing  stream 
is  determined  from  A.  A'  —  A  is  the  head  impart-  }i 
ing  the  velocity  of  flow. 

Let  Q  =  quantity  of  flow  per  unit-length  of 
weir.     Then 


e  =  A  i^2g{h'  -  A).  . 


(54a) 


Q  must  be  a  maximum  with  respect  to  A;  .zj^~  o. 


Fig.  89i. 


Q*  =  h\2g{h'  -  A)] ;     .*.  0^  =  ^h(h'  -  A)  -  gh\    (54ft) 


Hence 


2ghh'  =  3^A';     .-.  A  =  fA' (54c) 


Therefore  f  A'  is  taken  in  determining  area  of   cross-section  of 
stream,  and  ^A'  is  expended  in  generating  velocity.     Then 


G  =  f  A  V^^^' =  3.09A' i^'.     .    •     .     (54rf) 


In  formnlaB  for  overflow  of  ideal  weir 

e  =  3.337i' VA'. 


{Ue) 


Example. — Let  h'  =  15  feet;  A  =  10  feet;  h'  —  h  =  5  feet;  v  = 
Vox2g  =  17.9  feet  per  second.  Then  discharge  per  unit  of  length 
along  crest  of  weir  =  17.9  X  10  =  179  cubic  feet  per  second;  and 
for  a  weir  1150  feet  long,  179  X  1150  =  205,850  cubic  feet  per 
second. 
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The  formula  would  not  be  applicable  when  V  much  exceeds 
the  width  of  the  top  of  the  dam  AB. 


CAKAL  LOCATIOK. 

82.  Canals  for  navigation  usually  follow  more  or  less  closely  the 
main  watercourses  of  drainage  districts  to  which  they  are  confined 
if  the  terminal  points  are  in  the  same  valley,  but  passing  over  the 
divides  or  watershed  lines  if  connecting  two  points  in  different 
valleys. 

Where  canals  simply  connect  two  points  in  the  same  valley  the 
termini  are  usually  so  located  that  the  natural  discharge  of  the 
stream  will  supply  a  sufficiency  of  water  under  all  circumstances; 
otherwise  expensive  storage-reservoirs  must  be  provided  above  and 
beyond  the  upper  or  interior  terminus,  or  for  certain  portions  of 
the  year  navigation  must  be  suspended  over  a  part  of  the  route. 
In  either  event  the  important  question  to  be  determined  is  the 
least  annual  rainfall  and  the  longest  droughts. 

If  the  fall  of  the  stream  is  not  rapid,  so  as  to  require  a  great 
number  and  great  height  of  dams,  which  are  not  only  expensive 
but  may  cause  overflow  of  valuable  lands  either  at  ordinary  stages 
of  water  or  in  time  of  floods,  it  is  simply  necessary  to  build  a  series 
of  dams  at  such  distances  apart  that  the  least  depth  in  any  level  or 
reach  shall  be  sufficient  to  easily  float  boats  of  the  greatest  draughts 
required,  the  water  backing  up  from  each  dam  to  the  next  one 
above.  Locks  are  then  required  at  each  dam  in  order  to  raise  or 
lower  the  boats  from  one  level  to  another.  Locks  are  simply 
formed  by  side  walls — usually  of  good  masonry — with  the  proper 
space  between  them  for  the  easy  entrance  of  the  boats  or  ships. 
These  side  walls  have  at  each  end  head  or  wing  walls,  and  as 
they  are  usually  placed  at  or  near  one  shore,  one  head  wall  con- 
nects with  the  dam  at  the  upper  end  and  the  other  is  simply  curved 
off  normally  to  the  side  walls  in  order  to  give  stability  and  ease  of 
access.  Both  head  and  tail  wall  of  the  other  side- wall  is  well  run 
into  or  connected  with  the  bank  of  the  stream. 

Gates,  usually  of  timber,  are  constructed  from  side  wall  to  side 
wall,  and  sufficiently  far  apart  to  inclose  he  longest  boat  or  vessel. 
Each  of  these  gates  is  usually  composed  of  two  halves  turning  on 
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a  piyot,  and  coming  together  with  a  slight  angle  pointing  up-stream 
at  the  centre.  In  such  locks  no  lift- walls  are  necessary,  as  the  beds 
of  the  two  levels  are  neai'ly  on  the  same  plane,  the  upper  and  lower 
gates  being  constructed  of  the  same  heights. 

A  lift-wall  may  be  used,  in  which  case  the  upper  .gates  haye  pro- 
portionately less  height.  If  the  dams  are  yery  high,  it  will  be 
necessary  to  provide  a  flight  of  locks,  the  one  opening  into  the 
other.  Such  canals  would  evidently  have  to  follow  all  of  the  sinu- 
osities of  the  stream,  and  would  consequently  be  very  expensive, 
and  usually.impracticable,  for  the  reasons  stated. 

83.  It  is  therefore  usually  necessary  or  convenient  to  combine 
this  system  with  channels  excavated  in  the  earth  or  enclosed  in  one 
or  two  embankments,  and  extending  from  one  dam  to  another  at  a 
greater  or  less  distance  apart.  Such  a  canal  practically  follows  a 
contour-line  from  the  upper  dam  to  the  lower  dam,  where  it  again 
usually  enters  the  backwater  of  some  still  lower  dam,  from  which 
it  again  departs,  crossing  the  country.  Along  these  cross-country 
stretches  or  levels  there  may  be  one  or  more  intermediate  locks,  with 
stretches  between  them  before  re-entering  the  river.  Each  stretch 
from  dam  to  dam  or  lock  to  lock  is  practically  level.  It  is  some- 
times economical,  instead  of  following  around  spurs  and  up  ravines 
in  order  to  keep  on  a  contour-line,  to  cut  across  the  point  of  the 
spur,  and  pass  over  the  ravines  on  embankments  with  culverts  under 
them,  or  to  construct  aqueducts  in  case  of  large  streams,  these 
passing  under  the  canal.  Such  diversion  canals  shorten  the  dis- 
tance, decrease  the  cost,  and  avoid  questions  of  damage  to  property 
from  overflow.  Canals  for  the  passage  of  small  boats  drawn  by 
horses  were  very  common,  useful,  and  convenient  before  the  days 
of  railways,  which  have  to  a  large  extent,  if  not  entirely,  stopped 
the  construction  of  such  canals  and  caused  the  abandonment  of 
many  of  those  formerly  constructed. 

In  some  instances,  where  business  between  the  main  terminals  is 
large  in  amount  and  diverse  in  kind,  it  has  been  found  advisable  to 
enlarge  the  old  canals  or  adapt  them  to  the  use  of  steam-power ; 
and  the  question  of  using  electrical  power  is  now  being  discussed 
and  experimented  upon.  These  remarks  apply  notably  to  the  Erie 
Canal,  in  the  State  of  N"ew  York. 

84.  If  it  becomes  desirable  or  necessary  to  extend  the  navigation 
beyond   that  point  at  which  the  least   annual   flow  is   sufficient 
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for  navigHtion^  it  is  then  necessary  to  provide  storage-reservoirs. 
These  are  usually  single  dams  constructed  across  some  nar- 
row valley  or  gorge,  of  sufficient  height  to  hold  water  in  large 
enough  quantities  to  supply  the  deficiency  in  the  stream  during 
periods  of  drought.  The  same  conditions  apply  to  canals  with 
summits,  or  where  they  pass  over  divides  from  one  valley  into 
another.  If  a  very  low  divide  can  be  found  the  canal  may  be  con- 
structed passing  over  it,  provided  a  sufficient  drainage  area  can  be 
found  above  to  supply  the  requisite  water  on  both  sides  of  the  di- 
vide until  points  are  reached  in  the  streams  on  either  side  where  a 
sufficiency  of  water  is  found  at  all  times.  If  such  a  divide  cannot 
be  found  the  summit-level  of  the  canal  must  be  lowered  by  exca- 
vation and  tunnelling  so  as  to  leave  ample  drainage  area  above. 
These  questions  evidently  require  ample  and  careful  surveys,  and 
full  knowledge  of  the  rainfall  of  the  district,  and  character  and 
topography  of  the  country. 

85.  For  a  single  lock  each  boat  ascending  or  descending  draws 
a  lockf ul  of  water  from  the  upper  level  or  pond.  If  a  close  "Calcu- 
lation is  required,  allowance  must  be  made  for  the  displacement  of 
the  boat  when  it  enters  the  lock,  forcing  this  amount  back  in  the 
upper  pond,  requiring  less  than  a  lockful  for  the  descending  boat, 
and.  for  an  ascending  boat  more  than  a  lockful  by  the  same  amount. 
If  a  train  of  boats  follow  each  other  in  one  direction  the  same  rule 
holds.  If,  however,  trains  alternate — one  boat  descending  and  one 
ascending — less  water  is  required.  Single  locks  are  more  favorable 
to  economy  of  water  than  flights  of  locks.  On  the  contrary,  at  a 
flight  of  locks  boats  in  train  cause  a  less  expenditure  of  water  than 
equal  numbers  of  boats  ascending  and  descending  alternately.  The 
question  of  water  is  also  affected  as  the  locks  may  be  found  empty 
or  full.  Such  calculations  are  easily  made,  but  are  more  interest- 
ing than  useful,  as  it  would  be  unwise  not  to  allow  for  the  maxi- 
mum quantities  to  pass  boats  through  locks,  especially  as  the  loss 
by  leakage  through  sides  and  beds  and  gates  of  canals  and  evapora- 
tion are  all  unknown  and  uncertain  quantities.  The  maximum 
results  as  obtained  by  experience  and  experiment  for  all  of  these 
losses  should  be  liberally  allowed  for  before  projecting  and  locating 
the  expensive  works  required.  The  waste  of  water  by  leakage 
of  the  channels,  repairs,  and  evaporation  =  area  of  surface  of  the 
canal  x  J^  of  a  foot;  leakage  at  lock-gates  from  10,000  to  20,000 
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cubic  feet  per  day;  and  maximum  expeuditure  of  water  for  lock* 
age  would  give  a  rough  basis  for  calculation. 

86.  The  general  width  of  a  canal  should  be  sufficient  for  two 
boats  to  pass  each  other.  Expensive  portions,  such  as  aqueducts, 
and  where  bridges  cross  the  canal,  can  be  reduced  to  that  required 
for  one  boat.  The  usual  form  of  cross-section  is  trapezoidal;  least 
breadth  at  bottom  =  2  X  greatest  breadth  of  boat;  least  depth  = 
1^  feet -|- maximum  draught  of  boat;  least  area  of  waterway  = 
6  X  greatest  section  of  boat.  When  the  sides  are  of  earth  the 
slopes  are  usually  H  to  1.  If  of  masonry  the  sides  may  be  yertical, 
but  additional  width  will  be  required  to  give  sufficient  area  of 
waterway. 

The  general  design  and  construction  of  locks  are  the  same  as 
for  ship-canals, — which  will  be  explained  in  another  article, — differ- 
ing mainly  in  dimensions  and  the  crude  way  provided  for  opening 
gates  and  filling  and  emptying  the  locks.  Few  canals  of  the  di- 
mensions and  for  the  purposes  above  described  are  likely  to  be 
constructed  in  this  country  in  the  near  future. 

SHIP-CANALS. 

87.  Large  ship-canals  have  been  constructed  of  late  years. 
Many  have  been  projected  and  commenced,  and  some  of  these  have 
resulted  in  gigantic  failure  after  the  expenditure  of  large  sums  of 
money — ^notably  the  Panama  Canal  across  the  isthmus  of  Panama, 
connecting  the  Atlantic  and  Pacific  oceans.  This  was  originally 
intended  as  a  sea-level  canal,  by  tunnelling  under  the  high  mountain 
backbone  of  the  isthmus,  but  was  changed  to  a  system  of  locks  pass- 
ing over  the  divide.  The  Suez  Canal,  connecting  the  Mediterranean 
and  the  Bed  Sea,  has  proved  both  an  engineering  and  a  financial 
success.  The  Welland  Canal,  connecting  lakes  Erie  and  Ontario, 
and  giving  access  to  the  great  lakes  above,  has  long  been  completed ; 
there  are  many  similar  constructions  along  the  rivers  of  the  United 
States — ^notably  the  Ohio  and  Kanawha.  And,  finally,  the  Nicaragua 
Canal  between  the  Atlantic  and  Pacific  oceans  has  been  much  dis- 
cussed, large  sums  of  money  have  been  spent  in  surveys,  examina- 
tions, and  reports,  and  some  work  has  been  done.  At  present  this  en- 
terprise is  at  a  standstill,  but  with  gi*eat  hopes  of  its  early  completion. 
This  will  be  a  lock  and  dam  canal  for  a  good  part  of  its  course. 
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The  conditions  governing  the  location  of  such  canals  are  the 
same  as  for  the  smaller  canals.  There  must  at  all  times  be  a  suf- 
ficiency of  water  from  the  highest  to  the  lowest  points.  Where  the 
natural  flow  of  streams  is  insufficient  the  deficiency  must  be  pro- 
vided for  at  proper  points  by  storage-lreservoirs.  The  dimensions 
of  those,  of  the  locks,  and  of  the  level  stretches  must  be  in  pro- 
portion to  the  size  and  number  of  the  vessels  transported. 

On  many  of  our  most  important  rivers  the  improvements  by 
means  of  locks  and  dams  are  not  relatively  very  expensive,  and  do 
not  involve  any  great  engineering  difficulties  Such  rivers  are 
rendered  unnavigable  at  a  few  points  by  the  formation  of  gravel 
and  sand  bars.  Above  and  below  these  long  stretches  of  deep 
water  are  found,  with  comparatively  low  current  velocities,  whereas 
over  the  shallow  portions  the  current  is  usually  very  rapid. 
To  promote  the  navigation  of  such  rivers  these  bars  must  be 
dredged  out,  with  the  probability  of  re-forming  (and  in  some  cases 
they  are  solid  rock  ledges) ;  or  dikes  and  jetties  must  be  constructed 
so  as  to  force  large  quantities  of  water  at  high  velocities  through 
them,  scouring  the  bar  to  a  proper  depth,  with  the  almost  certainty 
of  the  material  being  deposited  at  some  point  not  far  below  the 
ends  of  the  jetties,  resulting  in  simply  shifting  the  position  of  the 
bar.  Or  at  these  points  dams,  locks,  and  short  stretches  of  open 
canal  must  be  constructed  for  the  passage  of  river  steamers  or  of 
vessels.  As  such  locks  are  only  required  and  intended  for  low- 
water  navigation,  there  is  danger  of  the  dams  forming  obstructions 
to  the  navigation  during  periods  of  what  is  known  as  good  boating 
stages — that  is,  in  rises  from  5  to  15  feet  or  more.  At  these  times 
the  locks  are  certainly  disadvantageous  to  navigation,  as  are  also 
the  dams  unless  provision  is  made  for  lowering  or  opening  them. 
Such  constructions  are  now  used,  and  will  be  described  in  another 
article. 

Such  means  of  improvement  would  not  be  usually  adopted 
unless  the  least  flow  of  the  stream,  coupled  with  the  incidental 
storage  caused  by  the  necessary  dams,  were  sufficient  to  supply  all 
necessary  water. 

IRRIGATION-CANALS. 

88.  Navigable  canals  usually  are  placed  on  as  low  levels  as  pos- 
sible, and  are  constructed  so  as  to  have  as  little  current  through 
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them  as  practicable.  Their  efficiency  is  based  upon  the  amount  of 
water  available  during  the  lowest  stages  and  greatest  droughts. 
On  the  contrary,  irrigation-canals  are  located  at  the  highest  levels, 
in  order  to  supply  as  large  areas  as  possible.  And  as  the  irrigation 
periods  occur  simultaneously,  as  a  rule,  with  the  periods  of  low  water 
and  droughts,  it  becomes  necessary  to  store  up  the  flood  waters  in 
sufficient  quantities  to  properly  irrigate  large  tracts  of  land  during 
one  season  and  frequently  to  provide  for  possible  droughts  through 
a  couple  of  seasons.  It  is  therefore  necessary  to  know  the  extent, 
duration,  and  periods  of  greatest  rainfall,  as  arrangement  must  be 
made  not  only  to  store  sufficient  water  for  use  at  the  proper  time, 
but  also  to  make  provisions  for  discharging  freely  the  flood-waters 
without  damage  to  dams,  weirs,  head-works,  or  any  portions  of  the 
canal. 

Again,  irrigation-canals  must  be  so  located,  with  such  relative 
dimensions  of  sections  and  slope  of  surface,  that  the  velocity  may 
be  practically  uniform  throughout  its  length,  and  great  enough  to 
prevent  silting,  or  the  growth  of  weeds. 

89.  The  first  important  points  to  be  determined  are  the  lay  and 
area  of  the  ground  to  be  irrigated,  and  the  quantity  of  water  required 
— which  depends  upon  the  climate,  the  kind  of  soil,  and  the  char- 
acter of  the  crops.  The  first  is  determined  by  proper  surveys.  The 
second  is  determined  by  observation  and  experience.  The  duty  of 
water  is  defined  as  the  ratio  between  a  given  quantity  of  water  and 
the  amount  of  land  that  it  will  properly  irrigate.  For  ordinary 
pnrposes  the  usual  unit  of  standing  water  is  the  cubic  foot ;  for 
running  water  the  unit  of  measurement  is  the  cubic  foot  per  sec- 
ond, or,  as  it  is  called,  the  second-foot.  The  number  of  second- 
feet  flowing  in  a  canal  or  river  is  the  number  of  cubic  feet  of 
water  passing  a  given  cross-section  of  the  stream  in  a  second  of 
time.  The  unit  generally  employed  in  the  western*  portions  of  the 
United  States  is  the  miner's  inch.  This  is  an  entirely  arbitrary 
standard,  varying  in  different  States,  and  is  defined  by  stat- 
ute. In  California  one  second-foot  of  water  is  equal  to  about  50 
miner's  inches,  whereas  in  Colorado  it  is  about  38.4  miner's  inches. 
Again,  for  large  bodies  of  standing  water  the  unit  is  the  acre-foot. 
ITiis  is  43,560  cubic  feet  of  water;  that  is,  the  amount  of  water 
required  to  cover  an  acre  of  land  to  the  depth  of  one  foot.  Recol- 
lecting that  a  cubic  foot  of  water  is  taken  at  7.5  gallons,  any  of 
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these  units  can  be  expressed  in  terms  of  the  other,  the  element  of 
time  being  introduced.  For  instance,  1  second-foot  per  24  hours  = 
60  X  60  X  24  =  86400  cubic  feet  =  2  acre-feet  nearly  ;  100  miner's 
inches  =  2  second-feet  =  4  acre-feet  in  24  hours  ;  115.2  Colorado 
inches  =  86,400  x  3  =  6  acre- feet  in  24  hours;  and  so  on. 

90.  The  irrigation  period  extends  from  about  April  15th  to 
August  15th — about  120  days;  the  number  of  waterings  during  this 
period  ranges  from  2  to  5,  and  the  period  of  service  from  12  to  24 
hours  at  each  watering,  according  to  the  climate,  soil,  and  crop. 
A  good  rain  5^  inches  deep  soaks  into  the  earth  to  a  depth  of  16  to 
18  inches.  Three  applications  amounting  to  16^  inches  seem  to  be 
ordinarily  sufficient.  Some  crops  require  24  inches,  others  as  low 
as  12  inches. 

An  average  depth  of  3  inches  of  water  is  sufficient  to  thoroughly 
water  average  soils.  Sandy  soils  will  require  4  inches  of  water. 
For  average  soils,  then,  each  watering  would  require  about  10,800 
cubic  ieet,  and  an  average  of  four  waterings  during  the  irrigation 
period  would  require  43,200  cubic  feet^  or  nearly  an  acre-foot  per 
acre. 

This  is  probably  a  minimum,  the  maxima  varying  from  1;^  to 
2  acre-feet  per  acre.  The  above  allowance  per  acre  thus  deter- 
mined upon,  the  total  actual  service  quantity  is  found  by  multiply- 
ing by  the  number  of  acres.  But  as  a  rule  only  from  three  quar- 
ters to  four  fifths  of  the  total  average  commanded  has  to  be 
actually  irrigated  in  any  one  season. 

On  the  other  hand,  the  losses  by  evaporation,  absorption,  etc., 
in  conducting  the  water  to  the  fields  will  rarely  fall  short  of  25 
per  cent.  We  must  therefore  provide  from  1^  to  2^  acre-feet  per 
acre  in  estimating  the  storage  capacity  of  reservoirs. 

HEAD-WORKS. — WEIRS. 

91.  Having  determined  upon  the  quantity  of  water  required, 
and  the  highest  point  to  be  irrigated,  which  fixes  the  elevation  of 
the  canal  at  that  point,  the  source  of  supply  must  then  be  higher 
than  that  point  by  the  necessary  fall  in  the  canal  between  the  two. 
This  may,  however,  be  determined  by  questions  of  convenience  and 
economy  in  the  construction  of  the  head-works  and  the  canal. 
Points  higher  than  necessary  in  the  hills  may  be  selected  for  the 
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head-works  on  these  accounts.  This  point  of  diversion  having  been 
decided  upon  from  whatever  considerations,  the  question  of  water- 
supply  has  to  be  considered. 

If  it  has  been  found  that  the  least  annual  flow  of  the  stream 
during  the  irrigation  period  is  more  than  sufficient  to  meet  the  de- 
mand for  water.  The  head-works  will  simply  consist  of  such  con- 
structions as  will  permit  of  the  diversion  of  the  water  from  the  stream 
into  the  canal,  and  prevent  an  unnecessary  and  destructive  flow  of 
water  thereto  during  periods  of  floods.  In  such  cases  weirs  of 
small  heights  are  required,  and  these  may  be  built  open  so  as  only 
to  partially  obstruct  the  channels,  some  of  these  openings  being 
permanent;  or  the  whole  of  the  openings  may  be  provided  with 
gates  sliding  in  grooves  in  a  series  of  piers,  of  wood,  iron,  or 
masonry,  which  generally  rest  on  masonry  or  timber  floors.  Safety 
against  underscouring  of  the  floor  must  be  provided,  as  will  here- 
after be  explained.  Such  piers  are  from  3  to  10  feet  apart.  Tim- 
ber beams  or  flashboards  are  sometimes  used  instead  of  gates, 
being  dropped  in  place  or  raised  one  by  one.  This  is  simply  an 
economical  expedient.  In  some  cases  the  entire  weir  is  so  con- 
structed that  it  can  be  lowered  in  times  of  flood  and  raised  when 
the  water  is  low.  Such  arrangements  also  prevent  silting  above 
the  weir,  which  would  obstruct  the  flow  into  the  head  of  the  canal. 
If  only  partial  storage  is  required  in  order  to  supply  a  deficiency 
of  flow,  the  weir  may  still  be  constructed  as  an  open  weir,  with 
such  an  adjustment  of  the  gates  as  will  allow  the  surplus  water  to 
pass,  and  also  prevent  silting,  especially  at  that  side  from  which 
the  canal  leaves;  or  it  may  be  in  this  case  built  as  a  solid  weir, 
with  only  a  sufficient  number  of  under-sluices  to  prevent  silting  at 
the  head  of  the  canal,  or  as  may  be  required  during  the  construc- 
tion of  the  weir.  The  surplus  flood-water  may  be  allowed  to  flow 
over  the  entire  length  of  the  dam,  or  waste-weirs  may  be  con- 
structed so  as  to  confine  this  flood -water  to  special  points  at  one 
or  both  ends  of  the  dam;  or,  if  desired,  special  channels  can  be  pro- 
vided, passing  around  the  ends  of  the  dam,  and  emptying  into  the 
stream  at  some  point  well  below  the  dam. 

92.  Where  reliance  has  to  be  placed  on  water  stored  during  the 
rainy  seasons  very  high  dams  will  usually  be  required,  and  often  of 
great  length,  in  order  that  the  storage  capacity  may  be  sufficient. 
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If  a  wide  valley  is  selected  the  dams  will  be  long  and  low;  if  nar- 
row, the  dams  will  be  short  and  high. 

Iq  this  latter  case  particularly  the  geological  formation  of  the 
bed  and  sides  of  the  valley  shoald  be  examined  into.  If  the  reser- 
voir is  to  be  placed  in  a  synclinal  valley,  as  seen  in  Fig.  40,  there 
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will  be  the  most  favorable  lay  of  the  str%|ba  not  only  to  prevent 
leakage  from  the  reservoir,  but  it  will  gain  something  from  seepage- 
water.  If  in  an  anticlinal  valley,  as  seen  in  Fig.  41,  there  will 
certainly  be  danger  of  leakage,  and  it  may  be  so  excessive  as  to 
entirely  destroy  the  value  of  the  reservoii*.    Sometimes  a  combina- 
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tion  of  these  formations  may  be  found  which  may  be  better  than 
the  last,  but  neither  of  them  is  favorable.  A  good  coating  of 
puddle  over  the  surface  may  make  any  of  them  safe. 

93.  High  dams  may  be  constructed  of  timber,  earth,  or  masonry, 
or  of  combinations  of  these.  It  is  rarely  advisable^  however,  to  let 
the  flood-water  flow  over  their  tops  or  crests,  except  at  specially 
arranged  and  constructed  waste-weirs.  It  is  generally  better  to 
carry  this  surplus  water  through  specially  constructed  channels 
leading  around  the  dam.  The  fall  of  water  from  such  great  heights 
produces  vibrations  and  shocks,  combined  with  erosion,  which 
may  undermine  or  cause  cracks  and  greater  or  less  disintegra- 
tion of  the  entire  dam.  Of  course  with  earthen  dams  any  overflow 
would  absolutely  destroy  the  dam.  To  avoid  this  the  down-stream 
face  of  the  dam  has  been  given  many  different  sections,  polygonal 
and  curved,  water-cushions  being  also  provided  at  the  bottom  to 
break  the  effects  of  the  fall.     Benches  and  steps  have  also  been 
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provided.     While  these  provisions  have  been  effective  in  some 
cases,  they  have  resulted  in  failure  in  others. 

The  theory  and  practice  in  the  construction  of  dams  will  be  ex- 
plained under  the  head  of  Dams,  including  special  precautions  in 
the  foundation  work. 

HEAD-WOBKS.  — BEGULATOBS. 

94.  Weirs  or  dams  retard  the  flow  of  the  stream  and  raise  the 
water  so  that  it  may  enter  the  canal.  Begulators  are  the  valves  or 
gates  which  control  the  flow  of  water  into  the  canal,  or  which  pre- 
vent its  admission  entirely.  The  location  should  be  such  as  to  ad- 
mit the  water  with  a  minimum  loss  of  head. 

The  best  practice  is  to  make  the  regulator  a  part  of  the  weir,  the 
canal  head  being  immediately  above  the  weir  and  perpendicular  to 
it.  When  the  regulator  is  at  a  distance  from  the  weir  silting  is 
likely  to  take  place  in  front  of  the  canal  head.  These  regulators 
may  be  timber  gates  sliding  in  timber,  masonry,  or  iron  guiding- 
walls,  or  the  gates  may  be  iron  in  iron  or  masonry  guides.  The 
gates  themselves  may  be  made  of  flashboards,  each  board  inserted 
or  removed  separately,  or  the  gates  may  be  framed  and  raised  by 
levers,  chains,  and  windlass,  or  by  screw-gearing.  Where  the  press- 
ure is  very  great  the  gates  may  be  placed  in  series  one  above  the 
other,  and  each  section  raised  separately. 

fiegulators  must  be  so  constructed  that  the  proper  quantity  of 
water  can  be  admitted  to  the  canal  at  any  stage  of  the  stream.  The 
gates  must  be  opened  quickly  when  necessary,  and  also  closed 
quickly.  Consequently  they  must  not  be  too  large,  and  in  case  of 
large  canals  with  wide  regulators  there .  must  be  several  openings 
formed  by  pillars  or  walls  and  closed  by  the  gates,  which  are  sel- 
dom less  than  2  nor  more  than  6  feet  wide.  The  walls  and  flooring 
of  the  regulator  should  be  of  timber  or  masonry  to  prevent  scour- 
ing. The  guide-pillars  should  be  as  narrow  as  practicable  to  avoid 
unnecessary  obstruction.  These  openings  .ire  arched  over  or  oth- 
erwise covered  to  form  platforms  from  which  to  handle  the  gates. 
The  regulator  frames  and  gates  must  be  carried  well  above  the 
water  surface  in  the  highest  rises.  They  must  be  strongly  con- 
structed, so  as  to  resist  the  greatest  pressure  to  which  they  are  sub- 
jected. 
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95.  Sometimes  where  the  rise  would  require  excessively  high  and 
strong  regulator-gates  these  are  set  well  back  from  the  head  of  the 
canal,  from  200  to  1000  feet,  and  large  escape-weirs  are  placed  in 
the  side  of  the  canal,  allowing  the  flood-water  to  return  to  the 
river. 

Long  tunnels  have  been  excavated  through  solid  rock  opening 
into  an  open  cut,  across  which  the  regulator-gates  are  placed,  and 
in  front  of  these  escape-weirs,  the  wasting  capacity  of  these  being 
sufficient  to  carry  the  greatest  discharge  that  the  greatest  head  can 
force  through  the  tunnel.  These  arrangements  relieve  the  regu- 
lators from  excessive  pressure. 

VELOCITY   OF  FLOW  IN  AND   DIMENSIONS  OF  CANALS. 

96.  The  head-works  of  a  canal  are  trsually  placed  high  up  on  the 
supplying  stream.  In  order  to  command  a  large  area  and  also 
secure  water  free  from  silt.  It  is  usually  possible  to  reach  the  irriga- 
tion lands  with  the  shortest  possible  diversion  line.  But  on  such 
lines  a  large  quantity  of  expensive  hillside  cutting  will  be  encoun- 
tered; many  ravines,  gullies,  and  much  hillside  drainage  will  have 
to  be  crossed,  entailing  difficulties  and  expense.  All  of  this  so- 
called  diversion  line  means  that  portion  of  the  canal  from 
the  source  of  supply  to  the  lands  to  be  irrigated,  which  in  this 
sense  brings  in  no  revenue.  It  should  therefore  be  the  object  to 
reduce  the  length  and  cost  of  this  portion  of  the  line  to  minimum. 
Having  reached  the  highest  part  of  the  lands  to  be  irrigated,  the 
line  should  follow  this  highest  land,  skirting  along  the  surrounding 
foothills.  A  good  topographical  map  with  contours  from  5  to  10 
feet  apart  will  greatly  aid  in  the  determination  of  the  best  lines. 
Such  a  map  will  often  indicate  low  divides,  by  which  many  miles  in 
length  may  be  saved.  The  cost  of  crossing  ravines,  gullies,  low 
marshy  places,  or  rocky  spurs  and  barriers  must  be  carefully  consid- 
ered, and  that  method  which  insures  the  best  work  with  the  least 
cost  of  first  construction  and  maintenance  should  be  adopted.  It 
may  be  less  expensive  to  carry  the  canal  around  these  obstructions,  or 
it  may  be  better  to  cross  them  with  aqueduct,  flumes  or  inverted 
siphons,  and  to  cut  or  tunnel  through  the  spurs  and  ridges.  To 
save  expense,  the  highest  possible  velocity  consistent  with  safety 
from  erosion  may  be  taken,  and  then  proportion  the  area  of  cross- 
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section  to  the  discharge  required.  A  too  close  adherence  to  regu- 
lar grade-liues  is  often  an  error.  By  occasionally  inserting  a  fall 
it  is  often  possible  to  obtain  a  better  location  and  lessen  the  costs. 

97.  Curvature, — A  straight  line  would  be  the  most  economical, 
and  least  endanger  the  banks.  There  is  also  less  absorption  and 
evaporation.  Sharp  bends  should  be  avoided.  If  used,  the  sur- 
faces of  the  banks  must  be  paved.  Curvature  diminishes  the  deliv- 
ering capacity  of  canals,  and  4to  keep  up  the  discharge  of  a  canal 
either  the  cross-section  or  slope  must  be  increased  in  proportion  to 
the  sharpness  of  the  curve.  In  large  canals  with  moderate  velocity 
the  radius  should  be  at  least  from  three  to  five  times  the  depth 
of  the  canal.  With  small  cross-sections  or  increased  velocities  of 
current  the  radius  should  be  increased. 

98.  Slope  and  cross-section  are  quantities  interdependent  upon 
each  other.  The  proper  discharge  required  being  known,  it  can  be 
obtained  with  small  area  of  waterway  and  high  velocity,  or  large 
area  and  small  velocity.  If  the  materials  forming  the  sides  and 
bed  of  the  canals  will  admit,  it  is  well  to  use  a  high  velocity.  But 
too  rapid  fall  may  unduly  lower  the  irrigating  portions  of  the 
canal.  Too  little  slope  requires  much  excavation.  These  should 
be  adjusted  then  to  the  best  advantage.  The  velocity  of  flow 
should  be  such  that  it  will  not  erode  the  banks,  nor  allow  silt  to 
be  deposited  or  permit  the  growth  of  weeds. 

In  a  light,  sandy  soil  a  surface  velocity  of  from  2.3  to  2.4  feet 
per  second,  or  a  mean  velocity  of  from  1.85  to  1.93  feet,  has  been 
found  to  give  satisfactory  results.  Velocities  of  from  2  to  3  feet 
per  second  will  also  prevent  the  deposition  of  silt  and  growth  of 
weeds.     These  are  the  most  favorable  velocities. 

In  ordinary  firm  soil  and  sandy  loam  from  3  to  3^  feet  per 
second  is  a  safe  velocity,  while  in  firm  gravel,  rock,  or  hard-pan  the 
velocity  may  be  increased  to  from  5  to  7  feet  per  second.  It  has 
been  found  that  brickwork,  rubble,  or  heavy  dry-laid  paving  will 
not  stand  velocities  as  high  as  15  feet  per  second.  For  greater 
velocities  the  most  substantial  masonry  is  required. 

The  slopes  necessary  to  produce  these  velocities  depend  mainly 
on  the  cross-sectional  area  of  the  channel.  Higher  grades  are  re- 
quired in  smaller  than  in  larger  canals  to  produce  the  same  velocity. 
The  velocity  being  known,  the  slope  can  be  found  by  Kuttei'^s 
formula,  eq.  (41).    In  large  canals  with  60-feet  bed  and  light  or 
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sandy  soils  6  inches  in  a  mile  produce  as  high  velocities  as  tbe 
material  will  stand.  In  firmer  soils  slopes  may  be  increased  to  from 
12  to  18  inches  per  mile.  Smaller  channels  will  stand  from  2  to  5 
feet  per  mile^  according  to  materials  and  dimensions  of  channel. 
Through  loose  shale  a  grade  of  7.9  feet  per  mile,  producing  a 
velocity  of  7^  feet  per  second,  has  been  used.  For  a  short  distance 
on  the  Del  Norte  Canal  in  Colorado  there  is  a  slope  of  35  feet  per 
mile  through  a  rock  cut.  On  several  miles  of  this  canal  the  grade 
is  8  feet  per  mile,  but  after  it  reaches  the  earth  soil  in  the  valley  it 
is  reduced  to  1.2  feet,  nearly. 

99.  Form  of  Cross-secHons. — The  most  economical  channel  has 
vertical  sides,  with  a  depth  equal  to  one  half  the  bottom  width. 
This  can  only  be  obtained  in  solid  rock. 

The  best  trapezoidal  section  is  one  in  which  the  width  at  the 
water  surface  is  equal  to  the  sum  of  the  side  slopes  and  double  the 
bottom  width.  This  requires  firm,  compact  material.  The  exact 
form  will  usually  have  to  depend  on  the  material  and  the  topog- 
raphy along  the  line.  The  greater  the  depth  the  greater  will  be 
the  velocity  and  also  discharge  for. same  form  of  cross-section.  In 
a  large  canal  having  a  capacity  of  2000  second-feet,  with  a  velocity 
of  2  feet  per  second,  the  cross-sectional  area  should  be  1000  square 
feet.  This  could  be  made  with  a  bottom  width  of  about  45  feet 
and  a  depth  of  22^  feet.  Such  a  proportion  would  greatly  increase 
the  cost  of  construction.  A  better  relation  would  be  a  width  of 
from  100  to  125  feet  and  a  depth  of  from  8  to  10  feet. 

It  is  as  well,  where  it  can  be  done,  to  have  the  channel  partly  in 
excavation  and  partly  in  embankment.  It  will,  however,  be  often 
necessary  to  have  it  wholly  in  excavation  or  wholly  in  embankment. 
Sometimes  it  will  be  in  excavation  on  one  side  and  embankment  on 
the  other.  Proper  drains  and  channels  should  be  provided  on  the 
up-hill  side  to  prevent  wash  of  the  slopes,  especially  if  an  embank- 
ment is  required  on  that  side  ;  the  drainage  water  can  either  be  let 
into  the  canal  at  certain  points,  or  carried  to  the  natural  water- 
courses. 

Bermes  are  often  left  from  2  to  6  feet  wide  on  the  slopes  where 
partly  in  excavation  and  partly  in  embankment. 

100.  In  the  case  of  large  canals  there  should  always  be  a  road- 
bed on  one  or  the  other  side.  With  a  roadway  the  top  width  would 
generally  be  about  10  feet.     Without  a  roadway,  and  when  its  top  is 
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well  above  the  water  surface,  4  feet  will  be  sufficient.  When  the 
water  is  well  upon  the  slope  the  top  should  be  from  6  to  10  feet 
wide,  according  as  the  material  may  be  firm  or  light.  In  such 
banks  either  a  puddle-wall  should  be  bpilt  in  the  interior  or  the 
bank  should  be  lined  with  puddle  on  the  inner  slope,  or,  better  still, 
the  entire  bank  can  be  made  in  thin  layers  and  well  rolled.  Sodding 
or  sowing  grass-seed  on  the  bank  is  beneficial.  The  water  should 
never  be  allowed  to  rise  nearer  than  1^  to  2  feet  from  the  top 
of  an  embankment.  In  firm  materials  slopes  of  1  to  1,  in  mixed 
soils  1^  to  1,  in  lighter  soils  2  to  1,  and  with  the  lightest  sands  slopes 
of  4  to  I  may  be  required.  In  rock  excavation  the  depth  to  width 
of  channel  may  be  as  1  to  2,  the  side  slopes  1  to  4.  In  less  firm 
rocks  lighter  slopes  and  less  proportiornal  depth  are  required. 
Sometimes  a  rubble  wall  is  built  on  the  lower  side,  the  upper  side 
in  excayation. 

101.  Shrinkage  of  Earthworks. — Sand  shrinks  about  10  per 
cent ;  sand  and  gravel,  8  per  cent ;  earth  and  loam,  10  to  12  per 
cent ;  gravelly  clay,  8  to  10  per  cent ;  puddled  clay  and  soil,  from 
20  to  25  per  cent.  Bock  excavation  produces  a  larger  mass  by 
from  25  per  cent  in  case  of  small  fragments  to  60  or  70  when  in 
large  blocks  carelessly  piled  up. 

EXAMPLE  OF  GAKAL  ALIGNMEKT. 

102.  Turlock  Canah — This  canal  may  be  taken  as  typical  of 
American  practice.  It  is  diverted  from  the  .Tuolumne  River  in 
California,  where  it  emerges  from  the  Sierras  between  high  rocky 
canyon  walls.  For  the  first  five  miles  the  canal  is  built  along  steep 
side-hills,  crossing  ravines,  bluffs,  and  many  drainage  channels. 
The  difficulties  of  the  ground  were  so  great  that  only  after  a  care- 
ful topographical  survey  was  a  feasible  route  discovered. 

Fig.  42  shows  location  of  canal  with  respect  to  the  river  and  the 
high  adjacent  hills. 

The  canal  leaves  the  river  about  50  feet  from  the  diversion  weir, 
by  a  tunnel  about  560  feet  long,  1 2  feet  wide  at  bottom,  and  5  feet  high 
to  springing,  above  which  is  a  semicircular  arch  of  6  feet  radius.  Its 
slope  is  24  feet  to  the  mile.  It  enters  an  open  cut  at  B.  The  escape 
(7 and  the  regulator  D  are  at  right  angles  to  each  other.  These  have 
for  each  six  gates  with  a  clear  width  of  3  feet  and  a  height  of  12  feet. 
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Under  a  flood  bead  of  16  feet  over  the  Bill  of  the  tDnnel  the  diecharge 
is  4000  secoud-feet,  with  a  velocity  of  20  feet  per  second.  The  wast- 
iug  capacity  of  the  escape  is  GOOD  second-feet.     Below  D  the  CKiiiit 


proper  begins,  having  a  capacity  of  1500  second-feet.  It  is  excavated 
for  the  first  6200  feet  in  slate  rock  on  steep  hillside,  from  D  to  E. 
It  has  a  bed  width  of  20  feet,  with  depth  of  10  feet.     The  upper 
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rock  slope  is  i  to  1.  The  lower  bank  is  a  puddled  core  12  feet  in 
top  width,  faced  with  an  18-inch  rubble  wall  laid  dry,  the  inner 
slope  being  ^  to  1,  where  it  crosses  gullies;  but  where  it  simply  rests 
on  sloping  ground,  the  inner  slope  is  alone  faced  with  rubble,  the 
outer  face  being  of  ordinary  earth,  with  its  natural  slope.  The  top 
width  in  such  cases  is  only  5  feet,  which  is  also  the  width  of  the  puddle 
core.  This  portion  of  the  canal  has  a  slope  of  7. 92  feet,  with  a  veloc- 
ity of  7.6  feet  per  second.  At  JS  it  enters  a  settling  reservoir  formed 
by  damming  up  a  ravine.  This  is  formed  by  an  earth  dam  20  feet 
wide  on  top,  318  feet  long  on  the  crest,  with  slopes  of  2  to  1,  and  a 
maximum  height  of  52  feet.  It  then  enters  some  old  hydraulic  cuts 
and  washouts ;  this  consumes  a  distance  of  some  4120  feet,  extending 
from  JEJ  to  F,  where  the  water  is  discharged  into  Dry  Creek.  It 
flows  down  this  creek  for  6500  feet  on  a  grade  of  12  feet  to  the 
mile,  from  which  it  is  diverted  by  an  earth  dam  460  feet  long, 
maximum  height  23  feet,  with  wide  slopes  of  3  to  1,  riprapped  to 
a  depth  of*  3  feet  on  its  upper  surface.  This  dam  is  provided 
through  the  rock  at  one  end  with  a  waste-weir.  The  waste-gates 
are  arranged  to  discharge  4000  second-feet.  They  fall  automati- 
cally on  a  concrete  floor  laid  on  solid  rock. 

This  brings  the  line  to  some  point  G,  from  which  the  canal 
passes  through  sandy  loam  for  about  one  mile  with  a  bed  width 
of  30  feet,  side  slopes  2  to  1,  depth  10  feet,  and  grade  of  1^ 
feet  per  mile.  At  this  point  the  canal  crosses  Dry  Greek  in  a  flume 
450  feet  long,  and  62  feet  in  height,  and  enters  a  series  of  three 
tunnels,  their  lengths  being  211,  400,  and  400  feet,  separated  by 
open  cuts  250  and  300  feet  in  length.  It  then  crosses  a  gulch,  a 
dam  about  40  feet  high  and  20  feet  top  width  being  built  across 
below  the  canal.  After  crossing  this  the  canal  enters  a  cut  8  feet  in 
maximum  depth,  with  the  same  cross-section  as  above  given ;  this 
runs  for  a  length  of  3300  feet.  The  canal  is  then  enlarged  to  35  feet 
bed  and  to  a  depth  of  10  feet,  with  a  grade  of  1  foot  per  mile.  A 
mile  and  a  half  farther  on  it  crosses  another  creek  in  a  flume  20  feet 
wide,  7  feet  deep,  360  feet  long,  and  60  feet  high.  The  flume  is 
supported  on  a  trestle.  It  has  a  waste  or  escape  placed  in  its  bot- 
tom, the  water  discharging  in  two  small  inclined  flumes  which  lead 
the  water  into  the  creek  below.  At  the  end  of  this  flume  the 
main  canal  is  reached,  and  followed  for  11  miles,  on  which  there  are 
two  rock  cuts  each  3000  feet  long,  respectively  20  and  30  feet  bed 
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width,  with  depth  of  water  7^  feet,  and  grade  of  5  feet  per  mile. 
The  remaining  distance  has  a  varying  cross-section  depending  on 
the  soil,  but  generally  70  feet  wide  at  bottom,  7^  feet  deep,  with 
side  slopes  2  to  1,  and  a  grade  of  1  foot  per  mile. 

103.  About  18  miles  of  the  above  canal  are  necessary  to  reach 
the  lands  to  be  irrigated.  At  the  end  of  this  distance  the  canal  at 
once  begins  to  do  duty  watering  lands.  Below  this  point  the  main 
line  is  divided  into  four  main  branches,  each  having  a  bottom  width 
of  30  feet,  depth  of  5  feet,  and  grade  of  2  feet  per  mile,  their  aggre- 
gate length  being  80  miles;  and  in  addition  smaller  distributaries 
having  a  total  length  of  180  miles,  which  lead  the  water  to  the 
several  sections  of  land.  The  discharge  of  the  branches  is  so  de- 
signed as  to  give  a  uniform  velocity  of  2^  feet  per  second  in  order 
to  prevent  deposition  of  sediment. 

Fig.  43  is  designed  to  show  in  a  rough  way  the  best  positions  for 
the  main  branches,  distributaries,  small  laterals,  etc.  The  main  canal 
is  shown  as  following  the  watershed  line  of  a  district  to  be  irri- 
gated. In  this  case  the  land  on  both  sides  of  the  ridge  can  be 
watered  from  the  same  canal.  It  is  rarely  practicable  to  obtain  so 
favorable  a  position.  The  main  distributaries  are  shown  as  emerg- 
ing from  the  main  canal  and  extending  along  the  ridges  of  the 
spurs,  and  from  these  the  laterals  branch  out  so  as  to  reach  all  por- 
tions of  the  district.  The  methods  of  actually  placing  the  water 
where  it  is  needed  are  various.  It  may  fill  little  furrows  dammed 
up  at  intervals,  or  furrows  may  be  run  parallel  to  each  other  and 
close  together,  the  spaces  between  these  filled  with  water;  or  the 
ground  may  be  divided,  checker-board  style,  into  independent 
squares  by  furrows  run  in  two  directions,  and  these  alternately 
filled  and  emptied;  or  the  water  can  be  carried  underground  in 
pipes  and  allowed  to  soak  upwards  to  the  surface;  etc.,  etc. 


ART.  X. 

BUILDING  MATERIALS. 

104.  The  more  common  and  useful  building  materials  are: 
Timber,  stone;  metals,  such  as  steel,  wrought  iron,  cast  iron,  tin, 
copper,  zinc,  lead,  and  some  of  their  alloys;  cement,  mortar,  con- 
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Crete,  brick,  tiles,  terra-cotta,  bituminous  cement  and  concrete,  and 
certain  artificial  stones, 

TIMBER. 

105.  Woods  suitable  for  building  purposes  are  usually  called 
timber,  and  are  almost  exclusively  confined  to  trees  that  grow  by 
the  formation  of  layers  of  wood  over  the  external  surface,  and 
therefore  called  exogenous. 

Trees  of  the  palm  family  do  not  grow  by  the  formation  of  suc- 
cessive and  perfect  layers,  and  belong  to  the  endogenous  class. 
The  timber  of  this  class  of  trees  is  too  light  and  flexible  for  use  in 
most  structures,  but  is  sometimes  used  for  piles  and  light  framing 
in  those  localities  where  it  is  found  in  abundance. 

Timber  of  the  exogenous  class  is  one  of  the  most  useful  build- 
ing materials,  owing  to  its  lightness,  strength,  the  ease  with  which 
it  can  be  cut,  framed,  and  handled,  its  abundance  and  cheapness, 
and  its  great  durability  when  properly  seasoned,  protected  from 
the  effects  of  alternate  wetness  and  dryness,  and  when  entirely  im- 
mersed under  water. 

106.  If  a  timber  tree  is  cut  or  sawed  off,  it  will  be  seen  that,  it 
is  composed  of  three  distinct  parts: 

1st.  On  the  outside  is  the  bark,  of  a  thickness  from  one  quarter 
of  an  inch  to  one  and  one  half  inches  or  more.  This  has  no  value 
for  building  purposes,  though  often  useful  in  other  respects;  and 
as  it  hastens  the  decay  of  the  rest  of  the  timber  after  fellng,  it 
should  always  be  removed. 

2d.  The  sap-wood,  which  lies  next  to  the  bark,  having  a  thick- 
ness varying  from  one  half  inch  to  as  much  as  three  or  four 
inches,  is  generally  indicated  by  a  lighter  color  than  the  heart-wood. 
Although  the  sap-wood  has  not  as  much  strength  as  the  heart- 
wood,  and  is  liable  to  a  more  rapid  decay  when  exposed  to  unfavor- 
able conditions,  yet  it  can  be  safely  used  when  entirely  immersed 
in  water,  or  when  impregnated  with  certain  solutions,  or  carefully 
seasoned  and  painted. 

3d.  The  centre  portion  surrounded  by  the  sap-wood  is  called 
the  heart.  This  is  easily  distinguished  from  the  sap-wood  by  its 
greater  heaviness,  hardness,  strength,  and  compactness.  It  also  has, 
as  a  rule,  a  darker  color — sometimes  very  dark,  or  even  black. 

The  successive  layers  of  wood  called  annual  rings  are  com- 
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monly  formed  at  the  rate  of  one  a  year,  and  serve  to  indicate  the 
age  of  the  tree.  They  are  much  more  distinctly  marked  in  some 
kinds  of  wood  than  in  others,  and  these,  together  with  certain 
more  or  less  defined  and  glistening  rays  radiating  from  the  centre, 
serve  to  indicate  the  diflerent  kinds  of  wood. 

TIMBER  CLASSIFIED. 

107.  Some  authors  divide  timber  trees  into  two  classes: 

1st.  Pine-wood,  including  all  timber  trees  of  the  coniferous 
species.  These  are  often  called  in  this  country  soft-wood  trees, 
in  which  a  few  leaf-wood  trees,  poplar,  chestnut,  etc.,  are  also  in- 
cluded. 

2d.  Leaf-wood,  including  all  trees  not  found  in  the  jSrst  class. 
These  are  usually  called  hard- wood  trees  in  this  country. 

The  above  classification  is  not  of  any  very  great  value  to  en- 
gineers, as  timber  can  be  obtained  from  either  class  possessing 
practically  equal  strength  and  durability,  and  equally  suitable  for 
any  structures  except  where  very  great  lengths  are  required.  Prefer- 
ence is,  however,  given  by  engineers  to  one  or  the  other  class,  even 
without  reference  to  the  relative  cost.  Abundance  and  cheapness, 
however,  are  usually  the  controlling  considerations. 

The  soft-wood  trees  usually  contain  turpentine,  and  are  charac- 
terized by  the  great  height  to  which  they  grow,  straightness  of 
fibre,  freedom  from  large  branches  over  the  greater  portion  of  their 
length,  and  the  gradual  and  uniform  increase  in  diameter  from  the 
top  to  the  bottom.  These  qualities,  together  with  their  great 
strength,  durability,  and  the  ease  with  which  they  can  be  handled 
and  framed,  render  them  the  most  valuable  building  material  in 
many  parts  of  the  country;  especially  in  those  structures  requiring 
long  and  straight  square  or  round  pieces,  and  for  piles  to  be  used 
in  bridges  and  trestles.  When  watercourses  are  convenient  they 
can  be,  on  account  of  their  lightness,  collected  in  large  rafts  and 
floated  to  great  distances  at  a  merely  nominal  cost. 

Embraced  in  this  class  is  the  short-leaved  Yellow  or  Spruce 
Pine,  found  somewhat  widely  distributed  in  the  Northern,  Middle, 
and  Southern  States.  It  is  strong  and  durable,  and  extensively 
used  in  those  localities  where  it  grows. 

The  White  Pine,  commonly  called  the  Northern  Pine,  is  found 
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mainly  in  the  northern  sections  of  the  country.  It  has  considerable 
strength  and  durability.  It  is  light,  soft,  and  free  from  knots.  It 
is  used  in  many  structures,  such  as  bridges  and  trestles,  where  it 
grows,  and  often  is  brought  to  the  Middle  States  and  used  for  the 
same  purpose. 

The  Long-leaf  Pine,  or  Southern  Yellow  Pine,  is  found  in  all  of 
the  Southern  States,  especially  in  Alabama,  Georgia,  North  Caro- 
lina, and  Florida.  It  has  little  or  no  sap-wood.  The  heart  is 
compact  and  fine-grained.  It  furnishes  the  strongest  and  most 
durable  timber,  and  is  generally  preferred  to  oak.  Large  quantities 
of  it  are  shipped  to  other  parts  of  the  country  as  well  as  abroad. 
We  find  distributed  in  the  same  forest  a  much  inferior  grade  of 
timber,  which  cannot  be  distinguished,  except  by  expert  lumber- 
men, from  the  first  variety  until  it  is  cut  into  or  felled.  When 
cut  down,  however,  it  shows  a  very  large  proportion  of  sap  and  cor- 
respondingly small  proportion  of  heart  timber.  This  should  only 
be  used  for  submerged  structures. 

There  are  several  varieties  of  the  Fir-tree.  The  timber  obtained 
from  these  decays  rapidly  on  exposure,  and  also  splits  and  twists. 

Hemlock  grows  only  in  the  Northern  States.  It  is  suitable 
for  many  submerged  structures,  but  does  not  stand  exposure.  It  is 
full  of  knots,  splits  on  exposure,  and  cannot  for  these  reasons  be 
framed  satisfactorily,  and  is  used  practically  from  considerations  of 
economy. 

The  cypress-tree  is  are  found  in  large  quantities  in  the  Southern 
swamps.  It  is  not  considered  as  strong  as  the  Southern  pine,  but 
is  considered  more  durable  when  exposed  to  unfavorable  conditions. 
It  is  not  used  in  important  structures  when  the  pine  can  be  ob- 
tained. The  Black  Cypress  is  much  sought  for  use  in  pile  trestles 
on  account  of  its  great  durability.  Large  quantities  of  shingles 
and  weather-boarding  are  made  from  the  cypress  species. 

HARD-WOOD   TREES. 

108.  Of  the  hard-wood  trees  there  are  only  a  few  varieties  that 
have  any  special  value  to  the  engineer  for  use  in  important  struc- 
tures. These  are  Live-oak,  White  and  Post  Oaks,  and  Chestnut- 
oak  and  Black  Walnut.  The  other  varieties,  such  as  Swamp-oak, 
Bed  Oak,  Hickory,  Chestnut,  Ash,  Elm,  Beech,  Sycamore,  and 
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Poplar,  although  valuable  and  useful  in  many  ways — such  as 
making  furniture,  buggies  and  carriages,  spokes,  hubs,  shafts  and 
bodies,  buckets  and  other  wood-ware,  fence-rails,  etc., — are  either 
wanting  in  strength  or  durability,  and  sometimes  in  both,  and  often 
only  abundant  in  more  or  less  inaccessible  situations.  It  has  been 
claimed  that  certain  processes  have  been  recently  discovered  that 
will  make  the  timber  of  many  qf  these  varieties  of  trees  suitable  for 
building  purposes. 

Live-oak. — The  timber  from  the  live-oaks  is  heavy  and  com- 
pact; it  is  stronger  and  more  durable  than  any  other  species.  It 
does  not  exist  in  large  quantities,  being  confined  to  a  rather  narrow 
belt  of  country,  extending  along  the  Atlantic  coast  from  Virginia 
southward.    These  forests  are  reserved  exclusively  for  ship-building. 

White  Oak  grows  in  any  part  of  the  United  States,  but  is  more 
abundant  in  the  Middle  States.  It  is  strong,  tough,  and  durable, 
provided  it  has  grown  in  a  good,  well-drained  soil.  In  moist  or 
swampy  soils  the  tree  loses  its  strength  and  durability  to  a  great 
extent.  It  is  well  suited  for  any  kind  of  structure,  and  is  invalu- 
able in  ship-building.  The  timber  made  from  it  is  apt  to  split  and 
crack  in  large  pieces,  and  in  thin  boards  or  planks  it  warps  badly  in 
addition,  splitting  at  nail-holes  or  drawing  the  nails  driven  into 
posts  through  it.  It  is  harder  and  more  difficult  to  work  than  the 
pines.  On  account  of  its  great  heaviness  it  is  more  costly  to 
transport  to  distant  points,  especially  as  it  is  unsafe  to  attempt  to 
float  it  in  large  rafts  on  the  water  unless  buoyed  up  by  a  liberal 
intermixture  of  poplar  logs  or  other  light  timbers. 

Post-oak  resembles  white  oak,  but  is  considered  by  some  as 
possessing  greater  strength  and  durability.  It  does  not  usually 
grow  as  large  in  diameter,  but  is  eminently  suitable  for  any  struc- 
ture not  requiring  a  too  great  section  and  length.  It  makes  most 
excellent  cross-ties.  It  grows  more  or  less  abundantly  in  many  of 
the  Middle  and  more  Southern  States. 

Chestnut-oak  grows  abundantly  in  some  of  the  Southern  States. 
The  timber  is  strong  and  durable,  but  is  not  considered  as  good  as 
the  other  varieties  of  oak.  It  is  used  to  a  considerable  extent  for 
cross-ties  on  many  railroads.  Large  quantities  of  this  timber  are 
cut  down  simply  to  secure  the  bark,  which  has  great  value  in  tan- 
ning processes. 

AVe  rarely  in  this  country  have  any  use  for  foreign  timbers. 
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Some  very  superior  pines  and  oaks  are  found  in  foreign  coun- 
tries. Our  own  forests,  however,  furnish  nearly  all  the  varieties 
required  for  structural  purposes.  Our  importations  of  timber 
are  confined  to  a  few  varieties  which  are  required  only  for  orna- 
mental purposes  or  for  some  special  properties,  such  as  mahogany, 
which  comes  principally  from  the  West  Indies  and  Central 
America,  and  lignum-vit»,  which  is  obtained  from  the  same  coun- 
tries. 

There  is,  however,  a  great  need  of  better  information  concern- 
ing the  qualities  and  properties  of  our  own  timbers.  The  Oovern- 
ment  has,  to  a  limited  extent,  taken  hold  of  this  subject  in  recent 
years.  What  has  thus  far  been  accomplished  will  be  referred  to  in 
another  article. 

DEFECTS,   DURABILITY,  AND   DECAY   OF  TIMBER. 

109.  Many  natural  defects  of  timber  are  developed  during  the 
growth  of  trees,  such  as  *'  upsets/'  where  the  fibres  have  been  crippled 
or  injured;  rind-galls,  or  wounds,  which  have  been  partially  or 
entirely  concealed  by  subsequent  layers  of  wood, — these  are  likely 
to  be  local  in  their  effects,  and  can  be  commonly  separated  from 
the  remaining  and  sound  portions  of  the  trunks;  the  growth  of 
large  limbs  near  the  bottom  and  at  short  intervals  from  top  to' 
bottom,  resulting  in  what  are  called  knots;  the  actual  separa- 
tion or  a  tendency  to  the  separation  of  the  annual  rings,  called 
shakes,  and  also  cracks  radiating  from  the  centre.  Knots,  when 
large  or  in  great  numbers,  and  reaching  far  inward  from  the 
surface,  are  necessarily  objectionable  for  many  purposes  of  con- 
struction. 

Shakes  and  cracks  will  rarely  be  seen  in  a  freshly  cut  tree;  but 
if  the  fibres  have  been  unduly  strained  by  high  winds  or  other 
similar  causes,  they  will  rapidly  develop  when  the  timber  is  sawn 
or  hewn  into  square  timber  or  plank.  All  timber  when  thus  shaped 
and  exposed  to  sun,  wind,  and  rain  will  generally  have  these  defects 
developed  to  a  greater  or  less  degree,  often  rendering  the  timber 
unsightly,  and  even  unfit  for  purposes  requiring  strength  and  dura- 
bility. Very  slight  cracks  at  the  exposed  ends  or  on  the  sides  of 
large  pieces  of  timber  cannot  usually  be  avoided.  If,  however,  they 
extend  to  any  appreciable  depth  in  or  length  along  the  pieces,  they 
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constitute  a  very  serious  defect,  and  the  timber  should  be  condemned. 
This  splitting  and  cracking  is  more  common  and  noticeable  in  oak 
and  hemlock  than  in  the  white  and  yellow  pines. 

110.  The  durability  of  timber  will  depend  largely  upon  using 
timber  without  the  above-mentioned  defects,  and  upon  the  means 
taken  to  prevent  the  development  of  cracks  in  sawed  sticks.  The 
most  effective  means  of  accomplishing  this  latter  result  is  natural 
seasoning,  that  is,  piling  the  timbers,  with  open  spaces  between 
them  in  dry  and  well-ventilated  places,  protected  from  high  winds 
and  hot  sunshine.  The  too  frequent  habit  of  painting  green  timber 
cannot  be  condemned  too  severely.  This  is  a  common  cause  of  so 
called  dry-rot. 

Timber  kept  in  confined  air,  with  no  ventilation,  either  without 
or  with  moisture,  decays  by  dry-rot,  and  the  wood  is  at  last  con- 
verted into  a  fine  powder.  This  condition  is  often  seen  in  sills  and 
posts  of  old  framed  buildings  and  at  the  ends  of  joists  imbedded  in 
brick  and  masonry  walls.  Some  means  of  ventilation  should  always 
be  provided. 

Wet-rot  is  the  gradual  disintegration  and  decomposition  of  all 
organic  matter  when  exposed  to  air  and  moisture,  that  is,  alternate 
wetness  and  dryness,  as  seen  in  timber  lying  on  the  ground  or  as 
exposed  in  a  structure.  It  also  occurs  in  all  surfaces  of  contact,  as 
in  the  joints  of  timber  frames  where  the  air  is  more  or  less  confined 
and  heat  is  developed,  although  the  degree  of  moisture  is  slight. 
Moisture  is  essential  in  wet-rot.  This  form  of  decay  is  also  devel- 
oped in  the  tree  while  standing  and  growing,  as  is  often  seen  in 
hollow  trees. 

111.  Timber-trees  in  a  healthy  growth  reach  their  maturity  in 
fifty  to  one  hundred  and  fifty  years.  They  should  not  be  felled 
before  reaching  maturity,  as  there  is  a  larger  proportion  of  sap- 
wood,  even  the  heart-wood  is  not  as  firm,  strong,  and  compact,  and 
in  addition  the  yield  of  timber  is  proportionately  small. 

The  owners  of  forests  are  likely  to  take  precautions  against  the 
destruction  of  young  and  healthy  trees,  as  will  also  lumbermen 
and  sawmill  owners. 

After  reaching  maturity,  the  centre  portion  of  the  tree  begins 
to  deteriorate,  the  wood  begins  to  show  signs  of  becoming  brittle, 
sometimes  becomes  spongy  and  soft,  losing  both  strength  and 
durability. 
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Owners  of  forests  are  particularly  anxious  to  dispose  of  their 
timber  when  evident  decline  has  commenced.  Arguments  are  not 
wanting  to  prove  that  spouginess,  or,  as  it  is  commonly  called, 
dotiness,  is  only  a  local  defect,  and  when  this  portion  of  the  timber 
has  been  cut  off,  the  remaining  portion  is  sound  and  healthy.  It 
plainly  indicates  a  diseased  and  unsound  tree  well  advanced  on  the 
decline. 

*  Except  by  such  plain  indications  none  but  the  more  expert 
lumbermen  can  determine  the  age  of  a  tree. 

The  time  of  the  year  in  which  timber-trees  should  be  felled  is, 
however,  of  great  importance.  It  is  admitted  on  all  hands  that  the 
felling  should  be  done  at  a  time  when  the  sap  is  not  circulating. 
This  may  be  either  at  a  certain  period  during  the  summer,  or 
during  the  winter  when  it  is  certainly  not  circulating.  When 
regular  supplies  of  timber  are  required  to  meet  current  demands 
the  felling  is  usually  done  in  the  late  fall  and  winter  months,  as 
labor  is  usually  cheaper  at  that  time,  and  in  addition  it  is  desirable 
to  have  a  large  number  of  logs  ready  for  floating,  either  pell-mell 
or  in  rafts  down  the  watercourses  in  the  late  winter  and  spring 
rises.  But  when  large  quantities  of  special-sized  timbers  are 
required  to  meet  a  sudden  demand,  such  as  the  construction  of 
large  bridges  and  trestles,  no  attention  is  given  to  the  question  of 
the  proper  time  of  the  year.  The  trees  are  felled,  the  logs  sent  to 
the  miUs,  sawed,  shipped,  and  erected  in  structures  with  the  sap 
still  oozing  out.  While  this  is  to  be  regretted,  it  cannot  well  be 
avoided. 

The  subsequent  shrinking  and  consequent  derangement  of  the 
structure,  and  the  early  and  rapid  destruction  of  the  more  exposed 
timber  structures  are  directly  and  primarily  due  to  the  above  causes. 

112.  It  has  long  been  considered  that  the  custom  of  boxing  or 
turpentining  the  resinous  pine-trees  of  the  Southern  forests  dimin- 
ished both  the  strength  and  durability  of  the  timber  derived  from 
them,  and  it  has  been  the  custom  to  prohibit  the  use  of  such 
timber  in  important  structures.  Recent  experiments,  however, 
seem  to  indicate  that  it  has  no  such  injurious  effects.  It  has,  how- 
ever, become  so  universal,  that  it  is  difficult  to  obtain  large  quanti- 
ties of  Southern  pine  that  have  not  been  turpentined;  and  as  it  is 
impossible  by  ordinary  methods  to  distinguish  the  one  from  the 
other,  it  is  useless  to  put  snch  prohibition  in  the  specifications,  as 
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it  only  adds  to  the  cost,  and  does  not  prevent  the  use  of  the  bled 
timber. 

NATURAL  AND   ARTIFICIAL  SEASONING. 

113.  The  seasoning  of  timber  has  for  its  object  the  removal  of 
moisture,  and  also  the  removal  or  alteration  of  the  albuminous  sub- 
stances in  it.  These  substances  are  fermentable,  and  cause  decay 
in  the  wood. 

When  these  have  been  removed  the  main  causes  of  decay  are 
also  removed ;  and  if  the  pores  are  filled  with  some  impervious  sub- 
stance so  as  to  keep  moisture  from  again  permeating  the  timber, 
there  is  no  reason  for  decay  ever  commencing. 

Natural  seasoning  simply  consists  in  exposing  the  timber  to 
a  free  circulation  of  dry  air,  but  sheltered  from  the  heat  of  the 
sun  and  high  winds.  This  method  is  admittedly  the  best;  but 
owing  to  the  time  required — from  two  to  four  years  or  more — it  is 
only  adopted  for  timber  used  in  the  finer  kinds  of  joiner's  or  cabinet 
work. 

For  those  portions  of  buildings  requiring  careful  seasoning, 
such  as  the  doors,  window-frames,  flooring-plank,  etc.,  of  houses, 
an  artificial  or  hot-air  process  is  often,  if  not  exclusively,  used.  In 
this  process  the  timber  is  exposed  to  a  current  of  hot  air.  The 
temperature  of  the  air  and  time  required  vary  with  the  size  and 
kinds  of  timber.  The  time  may  vary  from  one  week  to  two  or 
three  months.  The  temperature  may  be  from  200°  to  300°  Fahr.  or 
more.  Immersing  timber  in  water  soon  after  being  felled,  and 
allowing  it  to  remain  two  or  three  weeks,  and  subsequently  remov- 
ing it  to  some  dry  and  well-ventilated  place  seems  to  hasten  the 
seasoning  process. 

When  timber  has  been  well  seasoned,  and  kept  constantly  in  a 
dry  and  well-ventilated  place,  it  will  last  for  centuries,  and  has 
been  found  in  a  sound  state  after  a  thousand  years.  It  is  the 
custom  to  paint  or  finish  in  oil  all  of  the  interior  finishings  and 
fittings  in  houses,  and  also  furniture,  not  only  for  appearance'  sake, 
but  to  exclude  moisture.  Timber  should  not  be  built  in  contact 
with  lime  mortar. 

Timber,  when  entirely  and  constantly  immersed  in  water, 
whether  fresh  or  sea  water,  doe:  not  seem  to  require  any  seasoning 
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to  prevent  rot,  and,  so  far  as  records  show,  we  may  conclude  that 
it  will  last  indefinitely.     It  is  doubtlessly  weakened  and  softened. 

In  sea-water,  however,  it  is  attacked  by  worms,  known  as  the 
Limnoria  terebrans  and  the  Teredo  navalis,  which  eat  between  the 
rings  or  completely  honeycomb  the  timber.  They  are  very  minute 
when  they  first  enter  the  surface,  but  grow  in  size  afterwards. 
One  of  the  effective  remedies  is  to  creosote  the  piles  or  timbers. 
These  worms,  however,  only  attack  the  timber  between  the  mud- 
line  and  low-water  surface.  Trestles  have  been  completely  destroyed 
in  a  short  time  after  being  constructed. 

PRESERVATION  OF  TIMBER. 

114.  It  is  worse  than  useless  to  adopt  any  artificial  means  of 
preserving  timber,  unless  it  has  been  first  seasoned  by  natural  or 
artificial  methods.  When  well  seasoned,  two  or  more  coats  of 
mineral,  asphalt,  or  tar  paints,  or  of  hot  oils,  will  greatly  increase 
the  durability.  On  the  contrary,  these  applied  to  the  exterior  sur- 
faces of  green  timber  prevent  the  escape  of  the  moisture  from 
within,  resulting  in  internal  rot,  which  is  the  more  dangerous  as  it 
is  kept  from  view. 

Other  artificial  means  of  preservation  are  intended  to  expel  the 
albuminous  substances  and  supply  their  places  by  more  durable 
and  impervious  ones.  Solutions  of  the  salts  of  mercury,  zinc,  and 
iron  have  been  tried,  but,  either  on  account  of  the  expense  or 
inapplicability  of  the  methods,  are  rarely  used. 

Boucherie's  process  consists  in  forcing  a  solution  of  sulphate  of 
copper  through  a  stick  of  green  timber.  The  solution,  contained 
in  a  tank  about  40  feet  above  the  top  end  of  the  stick,  descends 
through  a  flexible  tube  to  a  cup  fixed  on  the  end.  The  pressure  of 
the  column  of  the  fluid  forces  the  liquid  through  the  tissues,  and 
drives  the  sap  out  at  the  other  end  of  the  log.  When  the  solution 
begins  to  flow  out  the  pores  have  been  filled  with  it.  It  is  said 
that  the  timber  is  thus  protected  against  wet  and  dry  rot,  and  also 
^nst  white  ants  and  sea-worms.  This  process  has  been  used 
finccessfully  and  satisfactorily  in  France,  and  is  largely  used  in 
preserving  cross-ties  on  the  railways. 

In  this  country  creosoting  has  been  used  to  a  great  extent,  and 
almost  exclusively. 
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Mr.  Betbeirs  procesB  consists  in  saturating  the  timber  with  the 
liquid  creosote — a  heavy  oil  of  tar.  The  timbers  are  inclosed  in  an 
iron  tank  or  cylinder,  and  the  air  paitially  exhausted.  Creosote  at 
a  temperature  of  about  120°  Fahr.  and  a  pressure  of  150  pounds  is 
applied,  which  is  continued  for  several  hours,  or  even  days,  until 
the  timber  is  saturated. 

The  Seeley  process  is  a  modification  of  the  Bethell  process. 
The  timber  is  immersed  in  creosote,  and  at  a  temperature  of  21 2"^ 
to  300°,  for  a  time  sufficient  to  expel  the  moisture.  The  hot  oil  is 
then  replaced  by  cold  oil,  condensing  the  vapors  in  the  pores  of 
the  timber,  into  which  the  oil  is  forced  by  atmospheric  pressure. 

There  is  a  more  recent  process  called  "  vulcanizing,"  which,  it 
is  claimed,  not  only  renders  the  timber  more  durable,  but  also 
stronger  and  stiffer.  The  timber  is  heated  in  closed  cylinders 
from  eight  to  twelve  hours  at  a  temperature  ranging  from  300°  to 
500°  Fahr.  while  under  a  pressure  of  150  to  200  pounds  per  square 
inch.  A  circulation  of  superheated  and  dried  compressed  air 
removes  the  moisture.  Wood-vulcanizing  is  heating  wood  and 
timber  under  great  pressure.  This  process  fills  the  pores  with  the 
antiseptic  compounds,  among  which  is  creosote.  The  theory  in 
this  process  is  that  the  albuminous  substances  are  coagulated  by 
the  high  heating  and  rendered  insoluble,  and  that  the  cellulose  also 
decomposes,  and  that  a  chemical  combination  between  it  and  the 
sap  results  in  a  most  powerful  antiseptic,  which  becomes  solid  on 
cooling.  In  the  Seeley  process  the  antiseptic  is  forced  into  the 
pores.  In  the  vulcanizing  it  is  formed  in  the  timber  and  kept 
there. 

APPEARANCES  AND  CHARACTERISTICS  OP  GOOD    TIMBER. 

115.  The  heaviness  and  darkness  in  color  generally  indicate 
good  timber;  also  the  slowness  of  growth  as  indicated  by  the  nar- 
rowness and  closeness  of  the  annual  rings,  and  a  larger  proportion  of 
heart-timber;  the  timber  of  trees  grown  on  sandy,  elevated,  and 
well-drained  areas,  is  generally  of  good  quality.  Of  the  same 
species,  that  grown  in  a  cold  climate,  and  of  different  species  that 
grown  in  a  warm  climate,  is  considered  best. 
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ART.  XL 

BUILDING-STONES. 

116.  Stone  snitable  for  building  purposes  is  either  natural  or 
artificial. 

The  most  important  properties  or  characteristics  of  rock  for 
building  are  the  structural  and  the  chemical. 

In  regard  to  the  structural  character,  they  are  divided  into  the 
stratified  and  the  unstratified,  or  those  which  show  more  or  less 
distinct  layers  and  those  which  do  not.  These  properties  are  of 
the  greatest  importance  as  regards  the  strength,  durability,  and 
economy  of  structures. 

Stratified  rocks  are  often,  if  not  always,  found  in  a  series  of  par* 

allel  layers,  either  horizontal  or  inclined  or  curred,  and  evidently 

deposited   from  water.    They  are  more  or  less  easily  separated 

along  certain  planes  or  seams  between  these  layers,  which  may  be 

several  feet,  or  only  a  fraction  of  an  inch  in  thickness.    When  in 

very  thin  layers,  it  is  called  a  laminated  structure,  and  the  planes 

of  division  may  have  any  inclination  between  a  perpendicular  and 

a  parallel  to  the  main  layers  or  strata.    The  stratified  stones, 

although  commonly  not  as  hard,  strong  or  compact  as  the  unstrati- 

fied,  yet  are  more  easily  quarried,  cut,  and  dressed  into  desired 

shapes;  are  somewhat  lighter,  and  consequently  more  easily  and 

cheaply  handled  and  transported;  and  at  the  same  time  possess  a 

high  degree  of  durability  and  strength  when   properly  laid   in 

structures.     They  are  more  porous,  as  a  rule,  and  arc  consequently 

more  injuriously  affected  by  atmospheric  influences  and  changes, 

and  by  the  disintegrating  effects  of  frost  and  certain  acids.     They 

are  found  in  a  great  variety  and  combination  of  colors  well  suited 

for  ornamental  purposes,  and  withal  are  more  widely  distributed, 

and  constitute  the  most  valuable  and  useful  building-stones  for 

general  purposes. 

The  unstratified  rocks  are  hard,  compact,  strong,  and  durable; 
and  although  not  found  in  distinct  layers,  yet  they  generally  have 
seams  or  planes  of  division,  not  well  defined  perhaps,  along  which 
they  can  be  split  into  large  blocks  of  regular  shapes.    They  are 
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more  difficult  to  cut  and  dress  to  regular  surfaces  and  desired 
forms,  are  commonly  heavier,  and  are  not  so  easily  disintegrated  by 
exposure.  The  difficulty  and  cost  of  quarrying,  working,  and  trans- 
porting prohibit  their  use  in  any  but  the  most  solid  and  important 
structures,  or  where  such  things  are  not  considered. 

117.  In  regard  to  the  chemical  composition  of  stones,  they 
are  divided  into  three  classes,  viz.,  siliceous,  calcareous,  and  argilla- 
ceous, according  as  the  predominant  constituent  is  silica,  lime,  or 
clay. 

SILICEOUS  STONES. 

Of  the  many  varieties  of  siliceous  stones,  such  as  gi'anite,  sye- 
nite, gneiss,  sandstone,  soapstone,  porphyry,  trap,  basalt,  etc.,  only 
granite,  syenite,  gneiss,  and  sandstone  have  any  great  value  as 
building  materials.     The  others  may  be  valuable  and  useful,  but 

m 

are  seldom  used  in  ordinary  structures. 

While  the  composition  of  granite,  syenite,  and  gneiss  is 
practically  the  same,  consisting  of  quartz,  feldspar,  mica,  and 
hornblende,  yet  granite  and  syenite  are  unstratified  and  gneiss  is 
stratified. 

Owing  to  the  great  cost  of  quarrying,  cutting,  and  dressing, 
requiring  the  skill  and  services  of  experienced  men,  granite,  and 
syejiite  are  only  used  in  large  and  important  structures,  such  as 
light-houses,  large  piers  for  bridges,  sea-walls,  public  buildings, 
post-offices,  custom-houses,  etc.  It  has  a  very  high  degree  of  hard- 
ness, strength,  and  durability,  and  can  be  quarried  in  blocks  of  very 
great  size.  It  does  not,  however,  stand  exposure  to  heat,  under 
which  it  cracks,  splits,  and  chips  off. 

Gneiss,  being  stratified,  can  generally  be  split  in  layers  of  moder- 
ate thickness,  and  where  it  abounds  it  is  often  used  in  structures. 
When  capable  of  being  split  into  thin  layers  it  is  valuable  for  flag- 
stone, door-sills,  and  other  similar  purposes. 

Sandstone  is  stratified,  and  consists  of  grains  of  sand  cemented 
together  by  a  compound  of  silica,  alumina,  and  lime.  In  the  strong- 
est and  most  durable  stones  the  cementing  material  is  almost  pure 
silica,  and  those  in  which  alumina  is  the  principal  constituent  in 
the  cementing  material  are  the  weakest  and  least  durable.    When 
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much  lime  is  found  in  the  cementing  material  it  decays  rapidly 
near  the  sea-coast  and  in  localities  where  much  coal  is  burned^ 
caused  by  the  presence  of  muriatic  and  sulphuric  acids.  Sharp, 
well-defined  grains  with  little  cementing  material  indicate  a  good 
quality  of  stone;  on  the  contrary^  rounded  grains  with  much  ce- 
menting material  indicate  a  poor  stone.  The  best  sandstone  is 
found  in  thick  strata,  and  it  is  often  difficult  to  determine  the 
direction  of  the  stratification  in  the  blocks  cut  from  them.  It  is 
found  in  many  colors,  is  easily  cut  or  sawn  into  desired  shapes, 
resists  the  action  of  heat  fairly  well,  is  widely  distributed,  and  is 
used  in  buildings  of  every  kind.  It  is  porous,  and  consequently  ab- 
sorbs much  water.  Alternate  thawing  and  freezing  will  cause  it  to 
separate  along  the  layers  unless  it  is  laid  with  its  beds  horizontal 
and  perpendicular  to  the  pressure.  It  often  contains  crystals  of 
iron  pyrites,  which  decompose  on  exposure  to  air  and  moisture,  dis- 
figuring and  disintegrating  the  blocks. 

It  is  impossible  to  determine  the  qualities  of  sandstone  from  its 
appearance,  chemical  analysis,  or  even  specimen  tests  of  its  crushing 
strength  when  freshly  quarried,  owing  to  the  presence  of  the  quarry 
sap.  Exposed  faces  of  large  masses  known  to  have  been  undis- 
turbed for  a  long  period  of  time  will  furnish  some  indication  of  its 
durability.  If  the  color  is  dark  and  overgrown  with  mosses,  all 
angle  lines  sharp  and  well  defined,  no  cavities  or  hollow  spaces,  it 
may  be  assumed  that  the  stone  will  weather  well — which  is  the  im- 
portant consideration,  as  nearly  all  varieties  of  sandstone  will  have 
the  requisite  strength  to  resist  crushing  under  the  usual  loads  or 
pressures  to  which  it  is  subjected.  If  possible,  its  durability  should 
be  determined  by  examining  structures,  buildings,  steps,  water- 
tables,  etc.,  built  of  the  same  material.  Some  varieties  are  soft 
when  first  quarried,  but  harden  on  exposure. 

CALCABEOUS  STONES. 

118.  The  calcareous  stones  are  those  in  which  lime  is  the  pre- 
dominant constituent. 

The  building-stones  are  either  pure  carbonates  of  lime  or  they 
may  be  mixed  with  sand,  clay,  and  metallic  oxides. 

The  common  or  compact  limestones  are  found  in  large  masses, 
often  showing  distinct  stratification,  and  capable  of  being  quarried 
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in  slabs  and  blocks  from  a  few  inches  to  two  or  more  feet  in  thick- 
ness. When  thus  found  they  constitute  one  of  the  most  useful 
and  valuable  kinds  of  building-stones^  l^eing  easily  quarried  and 
requiring  but  little  if  any  cutting  and  dressings  and  found  in  many 
localities  in  the  greatest  abundance.  It  raries  in  hardness  and 
compactness.  It  is  found  in  several  colors — white,  grayish-blue, 
and  sometimes  variegated.  Some  varieties  are  soft  when  first 
quarried,  but  harden  on  exposure.  Some  varieties  are  more  porous 
than  others.  Compactness  is  essential  to  the  durability  of  lime- 
stones. The  more  porous  kind  absorb  water,  and  are  disintegrated 
by  alternate  freezing  and  thawing,  and  by  exposure  to  an  acid 
atmosphere. 

The  stones  colored  by  metallic  oxides  furnish  the  many  colored 
and  variegated  marbles.  These  are  capable  of  receiving  a  high 
polish,  and  owing  to  their  scarcity  and  cost  are  rarely  used  for 
any  but  ornamental  purposes.  White  marble  is  often  used  in 
public  buildings  and  occasionally  in  private  residences,  and  to  a 
large  extent  in  columns  and  statues.  Among  other  varieties  may 
be  mentioned  bird's-eye  marble,  Lumachella  marble,  and  verd- 
antique. 

All  limestones  effervesce  with  acids  freely,  and  when  exposed  to 
a  high  temperature  the  carbonic  acid  is  driven  off,  and  the  lime  is 
left  either  in  lumps  or  powder,  and  known  as  quicklime. 

Good  compact  limestone  is  preferred  by  many  engineers  to  sand- 
stone for  building  purposes,  especially  in  the  foundation-walls  of 
houses.  It  may  be  stated  that  sandstone  should  rarely  be  used  for 
this  latter  purpose  when  limestone  can  be  obtained. 

Limestones  containing  certain  proportions  of  silica  or  alumina 
when  calcined  furnish  a  large  proportion  of  the  hydraulic  Jimes 
and  cements  used  in  building  masonry  and  making  concrete. 

Gypsum  or  calcium  sulphate,  when  burned  and  reduced  to 
powder,  is  called  plaster  of  Paris.  When  formed  into  a  paste  by 
mixing  it  with  water  it  hardens  rapidly.  It  is  principally  used  for 
the  hard  finish  on  walls  of  houses,  and  for  making  models  and 
ornamental  figures.  It  absorbs  water  freely,  and  swells  and  cracks, 
when  exposed  to  moisture. 
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ABGILLACEOUS  STOKES. 

119.  Argillaceous  stones  are  those  in  which  clay  is  the  pre- 
dominant constituent. 

Boofing-slate  is  the  only  variety  of  this  stone  of  any  value  in 
buildings,  and  owing  to  its  imperviousness  to  water  is  principally 
used  for  roof-coverings  and  lining  water-tanks.  It  is  hard  and  com- 
pact. The  best  slate  splits  into  thin  layers  with  smooth  surfaces,  will 
admit  of  driving  nails  through  it  without  splitting  or  chipping,  has 
a  dark'blne  or  purple  color,  and  should  give  a  clear  ringing  sound 
when  struck. 


DEFECTS,  DURABILITY,  AND  DECAY  OF  STONE. 

120.  Oranite. — The  principal  defects  in  this  variety  of  rock  are : 
■Ist.  The  presence  of  pyrites  and  other  iron  ores,  which  deface  and 
disintegrate  the  stone  when  exposed  to  the  weather.  2d.  An  ex- 
cess of  feldspar  and  mica  indicates  the  weaker  and  more  perishable 
varieties.  3d.  In  some  granites  there  are  often  blind  seams,  which 
may  have  any  inclination  to  what  may  be  called  the  planes  of  the 
quarry  beds,  and  which  weaken  the  blocks  and  also  cause  disin- 
tegration when  exposed  to  moisture,  with  alternate  freezing  and 
thawing. 

Granites  are  liable  to  disintegrate  from  the  constant  expansion 
and  contraction  caused  by  changes  in  temperature.    Their  com- 
pactness and  non-absorbent  properties  prevent  to  a  great  extent  if 
not  entirely  injury  from  freezing  alone^  and  as  these  stones  are  poor 
conductors  of  heat  the  injurious  effects  from  this  cause  are  confined 
to  the  exposed  surfaces.     Decay,  then,  is  caused  more  by  mechanical 
than  by  chemical  agencies,  such  as  exposure  to  high  winds  or  blasts 
of  any  kind,  driving  dust,  grit,  and  rain-drops  against  the  surfaces. 
Observations  in  great  conflagrations,  such  as  have  occurred  in 
Portland,  Boston,  and  Chicago,  have  proved  beyond  question  that 
granite,  instead  of  being  a  fire-proof  material,  resists  but  poorly 
the  effects  of  heat,  ranking  certainly  below  sandstone  and  probably 
limestone  in  resistance  to  high  temperatures,  cracking,  splitting, 
and  flying  off  in  fragments. 

At  the  burning  of   a  church   in  England,  the  body  of  the 


154  DUBABILITY   AND   DECAY  OF  STONES. 


church  being  built  of  granite  and  the  tower  of  sandstone^  around 
which  the  heat  was  intense  enough  to  melt  the  hells  in  the  belfry, 
the  tower  was  but  little  injured,  although  the  granite  window-jambs 
and  sills  were  destroyed.  Sandstone  is  often  used  for  the  backing 
to  fire-brick  lining  of  furnaces. 

Limestone  and  dolomites,  both  the  marbles  and  common  varie- 
ties, while  less  affected  than  granite  by  purely  mechanical  agencies, 
are  yet  more  susceptible  to  the  solvent  action  of  gaseous  atmos- 
pheres. Limestones  are  not,  in  this  respect,  as  durable  as  the 
dolomites.  Compact  limestones  are  but  little,  if  any,  more  absorb- 
ent than  granite,  and  are  therefore  but  little  affected  by  freezing. 

Marbles  are  liable  to  disintegration  on  the  surfaces,  caused  by 
carbonic  and  sulphuric  acids  and  also  by  internal  disintegration.  In 
the  first  case  the  surfaces  lose  their  polish  and  become  roughened, 
followed  by  minute  rifts  and  final  rapid  disintegration.  These 
conditions  are  sometimes  apparent  in  from  fifteen  to  twenty  years. 
Internal  disintegration  seems  to  arise  from  reactions  between  sul- 
phuric acid  and  calcium  carbonate,  forming  a  superficial  coating  of 
sulphate  of  lime.  When  this  is  removed  by  mechanical  agencies 
the  stone  crumbles  rapidly,  the  cohesion  of  the  crystalline  granules 
beneath  the  coating  being  dpstroyed. 

Although  the  contraction  and  expansiop  of  the  constituent 
minerals  of  many  varieties  of  stone  may  cause  disintegration  near 
the  outer  surfaces,  the  expansion  and  contraction  of  a  block  of 
stone  taken  as  a  whole  is  very  small,  and  will  not  be  appreciable 
or  noticeable  unless  blocks  are  laid  close  together  in  a  long  line. 

Chemical  analyses,  artificial  imitations  of  the  effects  of  freezing 
and  thawing,  and  determinations  of  the  resistances  to  crushing  have 
been  resorted  to  in  order  to  determine  the  strength,  durability,  and 
suitableness  of  the  various  kinds  of  stone  for  building  purposes. 
While  the  information  may  be  useful  and  valuable,  yet  these  tests 
do  not  prove  entirely  satisfactory.  Experience  and  observation 
will  alone  determine  the  matter  definitely. 

It  may  in  general  be  stated  that,  with  the  exception  of  a  few 
evidently  soft  varieties  of  stone,  all  stones  worthy  of  the  name 
will  be  capable  of  bearing  safely  the  loads  ordinarily  used,  and  the 
question  of  durability  is  the  important  one. 
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PRESERVATION  OF  STONE. 

121.  As  resistance  to  disintegration  of  stone  from  either  mechani- 
cal or  chemical  agencies  is  of  so  much  importance,  much  time  and 
thought  have  been  spent  on  some  means  of  preservation.  After 
proper  seasoning  or  driving  out  the  quarry  moisture,  all  methods 
have  for  the  main  object  to  exclude  air  and  moisture  from  the  sur- 
face and  from  penetrating  the  interior  of  the  stone. 

Paints,  oils  and  coal-tar,  are  considered  efficient,  at  least  for  a 
time,  but  are  more  or  less  unsightly. 

Silicate  of  potash  or  soluble  glass,  in  solution,  has  been  applied, 
which  hardens  after  the  evaporation  of  the  water  and  removal  of  the 
potash  by  the  carbonic  acid  of  the  air.  Or  the  pores  of  the  stone 
are  filled  with  a  solution  of  silicate  of  potash,  and  then  introducing 
a  solution  of  chloride  of  calcium  or  nitrate  of  lime,  the  chemical 
reactions  produce  silicate  of  lime,  which  forms  an  artificial  stone. 
The  chloride  of  potassium  or  nitrate  of  potash  being  soluble  in 
water  can  be  washed  out.  Soft  soap  dissolved  in  water,  followed 
by  a  solution  of  alum  (|  lb.  soap  to  1  gal.  water  ;  i  lb.  alum  per 
gallon  of  water),  has  been  used. 

Whatever  merit  may  exist  in  either  of  these  processes,  the  fact 
stands  that  rarely  is  an  attempt  of  any  kind  made  to  protect  the 
natural  stone.  Much  has  been  said  and  written  upon  the  disinte- 
gration and  decay  of  stone,  and  examples  given  where  it  has  been 
observed,  and  in  some  cases  isolated  blocks  have  been  removed  on 
account  of  it.  This  would  rather  indicate  a  soft  and  porous  stone 
when  originally  used.  A  few  examples  have  been  given  of  the  actual 
crumbling  of  structures,  and  along  with  these  examples  of  struc- 
tures built  from  the  same  species  or  varieties  of  stone  which  have 
remained  in  a  good  state  of  preservation,  indicating  in  the  former 
the  use  of  an  inferior  grade  of  stone. 

APPEARANCES   AND   CHARACTERISTICS  OF   GOOD   STONE. 

The  relative  hardness  of  stone  can  be  determined  by  scratching 
with  other  stones  or  metals,  and  by  the  use  of  the  hammer.  This 
property  is  especially  important  for  paving,  building-steps,  sills,  and 
all  cases  where  wear  and  abrasion  occur;  and  in  general  terms,  hard- 
ness, fine  grain,  uniform  and  compact  structure,  darkness  of  color, 
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great  heaviness  or  specific  gravity,  and  a  small  capacity  of  absorb- 
ing water  are  good  indications  of  the  strength  and  durability  of 
stone. 

122.  A  few  useful  points  in  regard  to  the  qualities  and  dura- 
bility of  stones  are  collected  below. 

Durability,  or  the  power  of  resisting  atmospheric  and  other  ex- 
ternal agencies  and  influences,  is  the  most  important  and  essential 
property  in  any  variety  of  stone. 

The  destroying  substances  are  usually  taken  up  by  the  moisture 
in  the  air,  especially  during  rains,  and  by  this  means  conveyed  or 
driven  into  the  stone.  Without  this  vehicle  they  will  not  penetrate 
so  deep  and  frost  can  have  no  effect.  Hence  the  number  of  rainy 
days  in  a  year,  and  the  positions  of  the  stones  in  a  building  with 
respect  to  the  direction  of  the  prevailing  winds  and  rains,  have  an 
important  bearing  upon  the  durability  of  stones.  High  winds 
alone,  variations  in  temperature,  exclusion  of  sunshine,  all  are 
causes  of  disintegration. 

The  destroying  substances  are  sulphur  acids,  carbonic  acid,  hy- 
drochloric acid,  and  nitric  acid  in  the  atmosphere  of  cities.  Car- 
bonic acid  will  destroy  any  stone  composed  of  carbonates  of  lime  or 
carbonate  of  magnesia  ;  oxygen  acts  upon  stones  containing  much 
iron  ;  and  fumes  from  bleaching- works  and  factories  decompose 
many  varieties. 

We  therefore  conclude  that  most  stones  will  better  stand  a  pure 
air  than  one  charged  with  fumes  and  smoke ;  a  dry  better  than  a 
wet,  moist  situation ;  those  not  facing  the  prevailing  winds,  and  those 
exposed  to  sun  and  gentle  breezes,  than  when  otherwise  situated. 
The  decay  is  rapid  on  those  facing  the  winds  and  rains,  soffits  of 
arches  and  lintels,  etc. 

Stones  should  be  compact  and  not  porous ;  homogeneous  in 
structure,  containing  no  soft  patches.  If  the  grains  and  cementing 
materials  are  both  durable,  the  stone  will  be  durable.  If  the  grains 
are  easily  decomposed  and  the  cementing  material  durable,  the 
stone  becomes  porous  and  spongy;  if  the  reverse,  the  grains  separate 
and  the  stone  crumbles. 

A  hard  stone  does  not  necessarily  wear  or  weather  well;  it  should 
also  have  toughness.  Some  hard  stones  are  more  affected  by  at- 
mospheric influences  than  softer  varieties. 

Bunning  or  dripping  water  wears  away  the  surfaces  of  stone. 
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Blocks  of  stone  in  marine  works  are  liable  to  serious  injury^  not 
only  from  the  impact  of  waves,  bnt  also  from  the  wearing  action  of 
sand,  grit,  and  bowlders  driven  against  them.  For  these  works  the 
heaviest  stones  should  be  used,  and  in  large  blocks,  in  ordet  to  resist 
displacement. 

A  light,  strong,  durable  stone  is  well  suited  for  the  construction 
of  arches;  whereas  the  heavier  stones  are  valuable  in  retaining- 
walls,  abutments,  and  piers  liable  to  great  pressures  from  ice, 
drift,  etc. 

All  stones  work  better  when  first  quarried,  but  should  be  allowed 
to  season  before  being  placed  in  structures.  Some  varieties  harden 
on  exposure  to  the  air. 
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QUARRYING. 

123.  But  little  can  be  learned  of  quarrying  except  by  experience. 
Few  men  can  predict,  except  in  case  of  v^ry  favorable  external 
conditions,  how  far  a  proposed  site  will  develop  into  a  good  quarry, 
as  determined  by  the  cost,  ease  of  quarrying,  and  the  ability  to 
secure  stone  in  large  quantities  and  of  the  proper  sizes  and  shapes. 
Often,  after  spending  much  time  and  money  in  stripping  and 
facing  up,  the  work  has  to  be  abandoned.  A  quarryman  of  experi- 
ence and  good  judgment  is  of  inestimable  value,  both  for  selecting 
good  quarries  and  for  getting  out  stone  in  good  shape  and  at  a 
reasonable  cost. 

When  the  rock  lies  in  well-defined  seams  and  of  the  proper 
thickness  of  layers  the  conditions  are  favorable,  as  most  rocks  will 
split  in  planes  perpendicular  to  the  strata  without  any  very  great 
labor  or  cost.  In  such  cases  crowbars,  picks,  wedges,  and  hammers, 
with  a  limited  amount  of  drilling  in  a  direction  normal  to  the 
layers,  or  the  aid  of  plugs  and  feathers,  are  the  only  tools  required. 
This  is  true  of  many  sandstones  and  limestones,  especially  the  latter. 
In  many  sandstones  it  requires  expert  and  experienced  quarrymen 
to  detect  the  planes  of  division  between  the  stratifications,  as  well 
as  the  less  well-defined  seams  perpendicular  to  them.  They  com- 
monly exist,  and  much  depends  upon  the  finding  of  them.    In 
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these  stones  but  little  blasting  should  be  done,  and  then  only  T^ith 
judgment  and  care,  using  a  number  of  small  charges  rather  than  a 
few  large  ones,  as  the  latter  will  not  only  result  in  much  waste,  but 
by  springing  hidden  seams  shatter  or  otherwise  render  the  stone 
unfit  for  dimension  blocks  of  large  size. 

In  many  varieties  of  these  stones  the  stratification  and  seams 
are  not  well  defined  and  not  easily  detected,  and  it  will  be  neces- 
sary to  resort  to  blasting.  In  such  cases  it  will  generally  be  found 
advisable  to  loosen  and  detach  large  masses  of  the  stone  by  a  series 
of  blasts,  and  subsequently  subdivide  these  into  blocks  with  blast- 
ing or  by  a  series  of  small  blasts.  Where  rubble-stone  only  is 
required,  the  most  economical  and  rapid  means  of  getting  out 
large  masses  of  all  shapes  should  be  adopted,  and  blasting  with 
dynamite  instead  of  powder  will  prove  both  effective  and  satis- 
factory. 

When  blasting  has  to  be  resorted  to,  holes  from  one  and  one-half 
to  two  and  one-half  inches  in  diameter  are  drilled  into  the  rock  to 
depths  varying  from  four  or  five  to  twenty  feet  or  more. 

There  are  two  common  methods  of  hand^drilling.  In  the  one, 
steel  drills  bl  varying  lengths,  formed  with  a  broad  chisel-shaped 
end,  are  required.  One  man  holds  the  drill  and  turns  it  slightly 
after  each  blow,  and  two  men  with  heavy  hammers  strike  on  the 
head  of  the  drill  alternately.  In  the  other,  two  men  simply  lift  the 
drill  and  let  it  fall  into  the  hole,  turning  it  slightly  after  each  fall 
of  the  drill.  The  latter  is  the  more  efficient  method,  but  more 
wearing  on  the  drill.  A  day's  work  in  drilling  may  be  from  five  to 
fifteen  feet  per  man. 

In  quarries  doing  a  large  regular  business,  or  where  sufficiently 
large  quantities  of  stone  justify  it,  the  drilling  is  done  by  steam  or 
compressed  air,  machine-drilling,  as  it  is  called.  The  diamond-drill 
is  often  used  in  the  harder  varieties  of  rock.  In  any  case  the 
principle  is  the  same,  the  drills  being  turned  and  moved  forward 
by  blows  or  the  application  of  pressure. 

A  certain  quantity  of  water  is  necessary  to  keep  the  end  of  the 
drill  cool.  It  also  facilitates  the  removal  of  the  powdered  rock,  and 
when  supplied  under  a  sufficient  head  it  can  be  made  to  remove  it 
from  the  hole.  In  ordinary  cases  it  is  removed  by  small  iron  spoons, 
or  by  the  broomed  end  of  a  small  branch  of  a  tree. 

124,  The  line  of  least  resistance  is  the  shortest  distance  from 
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the  charge  to  the  surface  in  uniform  rock,  and  this  should  never 
be  allowed  to  be  in  the  direction  of  the  bore-hole.  The  amount  of 
rock  loosened  is  roughly  estimated  at  one  cubic  yard  for  each  one 
half  to  two  and  one  half  pounds  of  powder,  and  sometimes  stated 
as  equal  to  two  times  the  cube  of  the  line  of  least  resistance.  The 
quantity  and  kind  of  blasting  material  must  be  determined  by  ex- 
periment in  each  case. 

Enlarging  holes  near  the  bottom  has  been  effected  by  the  use  of 
acids,  but  more  commonly  by  one  or  more  small  blasts  of  powder  or 
dynamite.  . 

The  holes — after  the  explosive  material  is  deposited  at  the  bottom 
and  connected  by  fuses,  or  wires  if  the  discharge  is  to  be  effected 
by  electrical  currents  from  the  surface  of  the  ground,  are  to  be 
tamped,  first  placing  a  foot  or  two  of  clay  or  other  material  free 
from  sand  or  grit  of  any  kind,  and  ramming  it  well  with  a  wooden 
rod  or  stick;  above  this  any  heavy  mt^terial  can  be  rammed  until 
the  hole  is  full,  in  order  to  make  the  line  of  least  resistance  as 
nearly  as  practicable  perpendicular  to  the  bore-hole. 

Even  in  the  unstratified  rocks,  such  as  the  granites,  there  are 
seams  or  planes  of  division  which  should  be  traced  out  in  order  to 
quarry  the  stone  cheaply  and  effectively.  There  are  no  differences 
in  the  mode  of  quarrying  stones  of  this  kind  from  that  adopted  for 
other  stones.  They  are  harder,  larger  blasts  can  be  used,  and  the 
cost  of  quarrying  is  greater.  Larger  and  more  regular-shaped  blocks 
can  be  obtained;  and  what  would  usually  be  called  d6bris  or  waste 
in  sandstone  quarries  and  also  in  limestone — the  smaller  stones  and 
blocks — can  be  worked  into  paving-blocks  and  other  useful  and 
valuable  purposes,  such  as  macadamizing  streets  and  roads,  making 
most  excellent  spawls,  backing  masonry,  and  making  concrete. 
Both  sandstone  and  limestone  are  used  for  these  latter  purposes,  but 
are  not  as  good. 

When  practicable,  quarries  should  be  opened  on  hillsides,  as 
high  and  broad  faces  both  in  vertical  and  horizontal  planes  can  be 
exposed  with  a  minimum  cost  in  stripping  the  soil,  and  the  blocks 
are  more  readily  handled  and  loaded  on  cars  or  barges  for  transpor- 
tation. 

The  cost  of  quarrying  will  vary  from  50  cents  to  $1.00  for 
mbble-stone,  and  from  12.50  to  W.OO  per  cubic  yard  for  good-sized 
dimension-stone. 
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ABT.  XIIL 

ABTIFIGIAL  STONES. 

125.  Of  the  artificial  stones  the  more  common  and  the  more 
useful  for  building  purposes  are  Brick  and  Concrete. 

Bricks  are  divided  into  three  classes^  namely^  Common  Brick, 
Pressed  Brick,  and  Fire-brick. 

COMMON  BBICK. 

Brick  Earths. — The  earths  used  in  making  the  ordinary  or  com- 
mon bricks  generally  consist  of  alumina  and  silica,  either  alone  or 
in  combination  with  other  materials,  such  as  lime,  magnesia,  iron, 
and  certain  other  substances  which  are  invariably  found  in  small 
quantities  in  all  earths.  It  is  difficult  to  determine,  either  by  ap- 
pearances or  even  chemical  by  analysis,  the  suitableness  of  earths 
for  brickmaking.  The  only  reliable  test  is  to  actually  convert  the 
earth  into  a  paste,  dry,  and  burn  it.  Expert  brickmakers  can,  how- 
ever, form  a  reliable  opinion  as  to  the  probabilities  of  the  earths 
making  good  bricks. 

Alumina  is  the  principal  constituent  in  every  kind  of  clay.  Its 
plastic  qualities  are  due  to  this  material,  and  it  is  also  the  cause  of 
its  shrinking,  cracking,  and  warping  under  the  influence  of  heat. 

Silica,  either  as  sand,  mechanically  mixed  with  the  clay,  or  in 
chemical  combination  forming  silicate  of  alumina,  is  found  in  the 
clay. 

Pure  silicate  of  clay  is  practically  infusible;  it  is  plastic  when 
combined  with  water,  but  shrinks  and  cracks  on  drying.  To  prevent 
this  the  presence  of  a  certain  amount  of  sand  is  necessary.  An 
excess  of  sand,  however,  renders  the  brick  brittle.  Sand  also  pro- 
vides the  silica  necessary  for  a  partial  vitrifaction  of  the  materials. 

Although  pure  clay  swells  when  mixed  with  water,  and  subse- 
quent shrinkage  is  prevented  by  the  presence  of  sand,  yet  owing  to 
the  infusible  nature  of  the  sand  the  burnt  mass  would  not  be  co- 
herent unless  some  substance  were  present  to  cause  the  grains  of 
silica  to  melt  and  thus  cement  the  particles  of  the  mass  together. 
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The  presence  of  a  very  small  quantity  of  lime  in  a  finely  divided 
state  acts  as  a  &ux,  as  also  does  oxide  of  iron.  Carbonate  of  lime 
or  ordinary  limestone  in  lumps  renders  the  clay  unfit  for  making 
good  brick,  as  the  carbonic  acid  is  driven  off  by  heat,  and  the  quick- 
lime, absorbing  water  from  the  atmosphere,  slakes  and  disintegrates 
the  bricks.  Iron  pyrites,  the  alkalies,  common  salt,  and  silicate  of 
lime  in  excess,  acting  as  a  flux,  cause  the  clay  to  melt  and  become 
distorted. 

Loam  is  a  mixture  of  clay  and  sand.  Marl  is  a  mixture  of  clay 
and  carbonate  of  lime. 

A  good  earth  for  making  bricks  should  contain  a  sufficiency  of 
flux  to  fuse  its  constituents  at  a  furnace-heat,  but  not  enough  to 
cause  the  bricks  to  run  together  or  become  vitrified.  Such  earths 
contain  from  one  fifth  to  one  third  alumina,  one  half  to  three  fifths 
silica,  and  the  remaining  portions  should  be  carbonate  of  lime, 
carbonate  of  magnesia,  oxide  of  iron,  etc. 

Bricks  made  of  such  clays  are  silicates  of  alumina  and  lime  or 
other  fluxes  used.  If  ordinary  earths  do  not  contain  these  sub- 
stances in  the  proper  quantities  or  proportions,  they  should  be 
added  to  them. 

The  color  of  bricks  depends  upon  the  composition  of  the  clay, 
upon  the  kind  of  sand  used  for  moulding,  on  the  state  of  dryness 
of  the  bricks  before  burning,  on  the  temperature  at  which  they  are 
burnt,  and  upon  the  amount  of  air  admitted  to  the  kiln.  Pure 
clay,  free  from  iron,  will  burn  white,  but  the  color  of  white  bricks 
is  generally  produced  by  adding  chalk  to  the  clay. 

Iron  in  the  clay  causes  it  to  bum  yellow,  orange,  and  red,  and 
when  in  large  quantities  a  bright  red  is  produced;  if  raised  to 
an  intense  heat,  a  dark  blue  or  purple  is  produced;  a  little  lime  in 
the  presence  of  a  small  quantity  of  iron  produces  a  cream  color; 
magnesia  in  the  presence  of  iron  makes  the  brick  yellow;  a  clay 
containing  alkalies,  and  burnt  at  a  high  temperature,  becomes  a 
bluish  green. 

To  make  1000  bricks  of  ordinary  dimensions  there  will  be 
required  from  1^  to  3^  cubic  yards  of  earth,  measured  before  exca- 
vating,* 

It  requires  a  high  and  long-continued  temperature  to  expel  the 

*  See  Notes  on  Buildiog  Construction. 
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water,  but  when  properly  burnt  the  mass  becomes  hard,  compact, 
and  gritty;  and  when  good  materials  have  been  used  it  will  not 
again  combine  with  water,  nor  disintegrate  on  exposure  to  acid 
atmospheres.  It  stands  the  effects  of  exposure  to  high  tempera- 
tures, as  in  large  fires  in  the  cities;  and  a  wall  of  burnt  clay  or 
brick,  if  it  does  not  fall  over,  is  regarded  as  the  most  perfect  bar- 
rier against  the  spread  of  flames. 

126.  It  is  better  to  dig  and  pile  up  the  earth  so  that  it  may  be 
pulverized  by  freezing  and  thawing  during  the  winter.  The  clay 
is  then  mixed  with  about  one  half  of  its  volume  of  water  and  thor- 
oughly kneaded  until  it  becomes  a  uniform  paste.  This  is  effected 
by  shovels  or  by  heavy  wheels  attached  to  levers  and  carried  around 
by  horses,  the  wheel  being  confined  to  a  channel  or  trough,  and 
the  clay  and  water  thrown  in  previously.  This  mashes  the  lumps 
and  mixes  the  materials,  which  are  still  further  and  more  thor- 
oughly mixed  in  the  pug-mill.  This  consists  of  a  vertical  cylinder 
or  box,  in  the  middle  of  which  is  placed  a  vertical  shaft  turning 
on  a  pivot  in  the  bottom  of  the  mill.  It  has  a  series  of  iron  arms 
radiating  from  it,  and  set  in  such  a  manner  that  while  they  mix 
the  paste  they  also  force  it  downwards  and  out  through  an  orifice 
at  the  bottom,  where  it  is  pressed  into  moulds  by  the  moulder. 
The  moulds  are  usually  made  of  plank,  so  framed  as  to  form  three 
spaces  of  the  proper  dimensions,  open  at  top  and  bottom.  The  hollow 
spaces  are  a  fraction  larger  than  the  intended  sizes  of  the  bricks, 
in  order  to  allow  a  reasonable  shrinkage.  The  bricks  after  burn- 
ing vary  in  dimensions  from  8^  to  8f  inches  long,  4  to  4^  inches 
wide,  and  from  2^  to  2f  inches  thick.  The  moulds  are  kept  moist 
by  dipping  them  in  water,  and  the  moulder  throws  or  sprinkles  a 
litfele  sand  on  the  surfaces  before  throwing  a  batch  of  clay  in  the 
moulds.  He  then  throws  the  paste  with  suflScient  force  into  the 
moulds,  which  rest  on  a  smooth  bottom-board,  to  fill  them  thor- 
oughly, cuts  off  the  surplus  clay  with  a  small,  smooth  straight-edge. 
The  perfectness  in  form,  and  smoothness  of  the  surfaces  depend 
much  on  the  care  and  skill  with  which  this  operation  is  performed. 
Small  boys  then  carry  the  moulds  containing  the  tslay  to  the  yards, 
where  by  a  skilful  jerk  they  are  lightly  deposited  on  the  ground 
or  on  boards  to  be  cured  or  dried  in  the  sun,  or  they  are  sometimes 
deposited  on  plate-iron  floors  in  a  house  prepared  for  the  purpose, 
the  iron  floors  being  kept  at  the  proper  temperature  by  steam  or 
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hot  air.  Usually  they  are  laid  in  only  one  course^  sometimes  in 
three  or  four  courses  or  more,  the  one  on  the  other.  They  are 
first  placed  parallel  to  each  other  in  each  course  or  layer,  and  when 
partially  dried  they  are  laid  diagonally  and  a  little  distance  apart 
in  order  to  afford  a  better  circulation  of  the  air.  These  open  walls 
of  10  to  13  courses  should  be  covered  over  with  boards  or  tempo- 
rary sheds  to  protect  them  from  rains  and  intensely  hot  sunshine. 

It  will  require  a  week  or  more  of  drying  before  the  bricks  can 
be  safely  piled  in  the  open  walls,  and  they  should  be  left  fully  as 
long  in  the  walls  to  complete  the  drying,  but  this  depends  greatly 
upon  the  temperature  and  moisture  in  the  atmosphere. 

127.  When  properly  dried  the  bricks  are  built  in  large  masses 
called  kihis  preparatory  to  the  burning. 

Kilns  are  constructed  in  small  brick-yards  by  simply  placing 
the  bricks  in  layers,  with  narrow,  open  spaces  between  the  indi« 
vidual  bricks,  crossing  efich  other  header-and-stretcher  fashion. 
At  the  bottom  a  series  of  flues  or  eyes  are  formed  at  intervals  by 
roughly  arching  the  space  with  short  overlaps,  and  when  these 
come  together  at  the  top  of  the  Hues  the  subsequent  layers  are 
then  laid  over  the  entire  area,  leaving  the  required  open  spaces. 
This  is  carried  to  the  height  of  ten  or  twelve  feet.  The  horizontal 
section  of  the  kiln  is  rectangular.  The  smaller  side  of  this  rec- 
tangle is  such  that  the  flues  can  be  easily  fed  with  fuel  from  the  two 
longer  sides.  The  longer  side  or  length  of  the  kiln  is  determined 
by  the  number  of  bricks  to  be  burned,  the  number  ranging  from 
80,000  to  200,000  bricks.  The  outer  surfaces  are  inclined  or  bat- 
tered inwai*d  slightly  from  the  bottom  to  the  top.  Entirely  over 
the  sides  and  ends  old,  broken,  or  underburnt  bricks  are  built  in 
mud-mortar,  or  a  paste  of  mud  is  simply  smeared  over  them  in 
order  to  confine  the  heat.  In  larger  establishments  the  flues  and 
walls  of  the  kiln  are  built  of  good  bricks  and  are  permanent,  the 
sun-dried  bricks  being  built  in  the  interior,  as  above  described. 

A  moderate  fire  is  then  staiied  in  the  eyes  or  flues  to  still 
further  dry  the  bricks.  The  completion  of  this  process  is  indi- 
cated by  the  smoke  issuing  from  the  kiln  being  no  longer  black. 
The  intensity  of  the  heat  is  increased  until  the  eye  or  arch  brick 
attain  a  white  heat.  It  is  allowed  to  lower  somewhat  and  again 
increased  in  order  to  prevent  vitrif action.  This  process  is  con- 
tinued until  examination  or  experience  determines  that  the  burn- 
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ing  is  sufficient.  The  ends  of  the  flues  are  closed^  and  all  other 
openings  covered  with  moist  clay,  and  the  kiln  remains  in  this  con- 
dition until  it  has  cooled  sufficiently  to  be  opened.  This  operation 
consumes  from  two  to  three  or  more  weeks. 

Under  favorable  conditions  it  will  require  about  one-half  ton  of 
soft  coal  for  each  1000  bricks  burned. 

One  great  advantage  in  using  the  permanent  kilns  is  that  all  of 
the  bricks  are  equally  burnt  and  more  uniform  in  color,  and  less 
time  is  required  in  drying  in  the  sun,  as  the  temperature  in  the 
kilns  can  be  better  regulated  during  the  kiln-drying,  thereby  pre- 
venting warping  and  cracking,  which  cannot  be  done  if  placed  in 
an  ordinary  kiln  when  too  moist;  and  although  the  kiln-burning 
requires  more  fuel,  the  time  required  is  less,  and  the  bricks  are  of 
a  better  quality,  and  there  is  less  waste. 

128.  Bricks  burned  in  ordinary  kilns  are  always  found  in  sev- 
eral very  different  conditions.  Those  on  the  outside,  on  top,  sides, 
and  ends,  are  really  of  no  value.  Next  to  these  is  found  a  large 
number  of  underburnt  bricks,  called  soft,  pale,  or  sammel  bricks, 
only  fit  for  filling  in  between  walls,  as  they  are  wanting  in  strength, 
hardness,  and  durability,  and  will  not  consequently  stand  exposure. 

The  centre  of  the  kiln  contains  the  best-burnt  bricks,  called 
body,  hard,  or  red  bricks.  These  possess  great  strength,  hardness, 
and  durability;  are  suitable  for  any  building  purposes,  being  bnt 
little  inferior  to  many  of  the  building-stones,  and  in  some  respects 
are  superior  to  them. 

The  arch  or  eye  bricks  are  hard  and  brittle,  are  frequently  vitri- 
fied, warped,  and  cracked,  and  are  not  as  good  as  the  body  brinks 
for  most  purposes. 

Pressed  bricks  are  usually  made  of  the  same  earths  as  the  ordi- 
nary bricks,  and  are  made  by  taking  the  ordinary  raw  bricks  when 
nearly  dry  and  subjecting  them  to  a  great  pressure,  usually  by 
machinery.  They  are  more  perfectly  formed,  with  sharp  and  well- 
defined  angles,  are  heavier  and  stronger,  and  shrink  but  little  in 
burning.  Ordinary  bricks  shrink  from  one  tenth  to  to  one  twelfth 
of  their  linear  dimensions. 

129.  Fire-bricks  are  made  from  fire-clay  or  refractory  clay,  as 
the  clays  capable  of  standing  a  high  temperature  without  melting 
or  becoming  soft  are  called. 

Clay  suitable  for  fire-bricks    is  found   in   the   coal-measures. 
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underlying  the  seTeral  seams  of  coal.  It  is  composed  of  nearly 
pure  hydrated  silicate  of  alumina.  It  contains  from  59  to  96  per 
cent  silica,  2  to  36  per  cent  alumina,  and  from  2  to  5  per  cent  oxide 
of  iron. 

A  good  fire-clay  should  have  a  uniform  texture,  a  rather  greasy 
feel,  and  should  be  free  from  any  of  the  alkaline  earths. 

Stourbridge  Fire-bricks. — It  is  customary  to  mix  burnt  ordi- 
nary clay  with  the  natural  clay  instead  of  sand  where  the  presence 
of  iron  requires  some  substance  to  prevent  its  cracking.  These  fire- 
clays will  resist  very  high  temperatures,  but  are  not  sufficiently 
refractory  to  resist  the  temperature  of  a  furnace. 

The  Dinas  fire-bricks  are  made  from  a  so-called  clay,  but  it 
really  consists  almost  entirely  of  silica.  It  is  found  in  the  state  of 
sand.  About  one  per  cent  of  lime  is  added,  and  enough  water  to 
make  it  cohere.  The  bricks  are  moulded  by  machinery  under 
pressure,  dried,  and  burnt  in  a  close  kiln. 

The  bricks  made  from  this  substance  will  bear  a  most  intense 
heat,  being  the  only  description  that  will  resist  the  temperature 
{4000°  to  5000°  Fahr.)  of  a  regenerative  furnace.  They  should 
not  be  exposed  to  the  action  of  slags  rich  in  metallic  oxides.  They 
expand  under  heat,  are  porous,  and  will  not  stand  rough  usage. 

The  general  processes  of  making  fire-brick  are  the  same  as  in 
making  ordinary  brick. 

TERRA-COTTA. 

130.  Terra-cotta  is  largely  used  as  a  substitute  for  stone  in  the 
ornamental  parts  of  structures.  To  prevent  too  great  shrinkage, 
different  clays  are  mixed,  and  a  large  proportion  of  ground  glass, 
pottery,  and  sometimes  sand  is  added.  After  being  properly  kneaded 
and  forced  into  moulds  smeared  with  soft-soap,  it  is  carefully  dried, 
gradually  baked  in  a  pottery  kiln,  and  slowly  cooled. 

Fire-clay  is  also  often  used  in  the  manufacture  of  terra-cotta. 
This  becomes  ragged  and  porous  on  removing  the  outer  skin, 
which  shows  a  good  texture,  color,  and  surface. 

When  properly  prepared  and  burnt,  terra-cotta  is  not  affected 
by  the  atmosphere  or  any  acid  fumes.  When  solid  it  weighs  122 
lbs.  per  cubic  foot,  but  when  hollow  it  only  weighs  from  60  to  TO  lbs. 
Its  resistance  to  compression  is  greater  than  that  of  limestone. 
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It  wears  well^  and  is  therefore  suitable  for  floors.  It  can  be  made 
in  many  colors. 

Porous  terra-cotta  is  made  by  mixing  clay  and  some  oombus* 
tible  material^  such  as  sawdust,  charcoal,  cut  straw,  etc.  When 
burned  these  combustible  materials  are  consumed,  leaving  the 
terra-cotta  full  of  holes.  It  is  light,  strong,  easily  cut,  will  hold 
nails,  gives  a  good  surface  for  plastering,  and  is  fire-proof. 

Stoneware  is  the  name  given  to  articles  made  from  the  plastic 
clay  of  the  Lias  formation.  It  contains  about  76  per  cent  of 
silica  and  24  of  alumina.  It  is  burnt  at  a  high  temperature, 
being  vitrified  throughout.  It  is  hard,  of  close  grain,  and  givesa 
ringing  sound,  and  is  well  suited  for  all  purposes  requiring 
strength  and  resistance  to  destructive  atmospheric  and  chemical 
influences.  It  is  commonly  salt-glazed,  but  are  non-absorbent  with- 
out it. 

Owing  to  its  strength,  durability,  imperviousness,  and  resistance 
to  destructive  influences  it  is  well  suited  for  drain  and  sewer 
pipes.    For  these  purposes  salt-glazed  ware  should  alone  be  used* 

TILES. 

181,  Common  tiles  are  used  for  paving  and  roofing.  They  are 
made  of  about  the  same  materials  as  ordinary  bricks,  but  of  purer 
or  stronger  clays,  and  with  somewhat  more  care. 

Paving  tiles  are  of  many  shapes  and  sizes,  and  about  one  inch 
thick. 

Encaustic  tiles  are  those  in  which  the  colors  are  produced  by 
substances  mixed  in  the  clay,  such  as  manganese  for  black,  cobalt 
for  blue. 

Each  tile  consists  of  three  layers:  the  face,  which  is  of  very 
pure  clay,  of  the  color  required;  the  body,  which  is  of  coarser  clay; 
and  the  back,  to  prevent  warping,  which  is  formed  of  a  thin  layer 
of  clay  different  from  the  body. 

Eoofing-tiles  are  of  many  forms  and  sections,  such  as  plain,  cor- 
rugated, Venetian,  ridge,  etc. 

Tile  roof-coverings  are  heavy;  they  are  apt  to  absorb  water  and 
keep  the  roof  wet  unless  glazed,  they  do  not  usually  fit  together 
closely,  and  require  pointing  to  make  a  tight  roof. 

132.  Pipes  are  made  from  clay   very  finely  ground,  washed^ 
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passed  through  sieves,  tempered,  passed  through  the  pug-mill, 
then  forced  by  machinery  through  a  mould,  dried,  and  baked  in  a 
circular  kiln.  Agricultural  drain-pipes  are  made  in  lengths  of  2 
feet  and  diameters  from  1  to  6  inches,  often  in  O  shaped  sections. 
Collars  are  used  for  the  joints;  these  are  3  or  4  inches  long,  and 
with  diameters  1  inch  greater  than  the  pipes.  They  are  often 
omitted. 

Sewer-pipes  should  be  of  imperishable  and  vitreous  materials, 
strong  and  tough  so  as  to  resist  fracture  and  shocks,  hard, 
tenacious,  in  texture  and  uniform  thickness,  straight  and  of  uniform 
cross-section,  impervious,  and  glazed  both  inside  and  outside;  free 
from  cracks  or  flaws,  and  should  give  a  clear  ringing  sound  when 
struck.  Elbows  and  other  special  forms  must  be  accurately  moulded 
to  the  proper  curve.  They  are  made  either  from  stoneware-clay  or 
fire-clay.  The  former  are  stronger  and  better,  and  do  not  require 
80  great  a  thickness.    They  should  be  salt-glazed,  and  if  this  can 

be  picked  off  it  indicates  an  inferior  quality. 

\ 

ART.  XIV. 
UME,  CKMENT,  MORTAR,  AND  CONCRETE. 

138.  Of  all  the  building  materials  none  are  more  useful  and 
important  to  the  engineer,  architect,  and  builder.  And  as  lime, 
cement,  and  sand  are  the  essential  constituents  of  mortar  and  con- 
crete they  will  be  first  considered. 

If  any  limestone  be  calcined  at  a  bright-red  heat  or  higher 
temperature,  the  carbonic  acid  and  water  will  be  driven  off,  and 
the  residue  will  be  substances  known  as  quicklime  or  caustic 
lime,  hydraulic  lime  or  hydraulic  cement,  or  simply  cement,  de- 
pending on  the  amount  and  nature  of  the  impurities  in  the  lime- 
stone. 

The  calcination,  at  a  bright-red  heat  or  some  higher  tempera- 
ture, of  a  pure  carbonate  of  lime,  such  as  marble  and  chalk,  leaves 
a  residue  in  the  form  of  white  lumps  or  powder,  called  quicklime. 
This  residue  by  weight  will  be  about  56  per  cent  of  that  of  the 
limestone. 

Almost  all  ordinary  limestones  contain  certain  foreign  constit- 
uents or  impurities,  principally  silica,  alumina,  magnesia,  etc. 
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If  the  percentage  of  these  impurities  does  not  exceed  10  per 
cent  the  residue  is  still  called  quicklime,  as  the  properties  of  the 
residues  in  the  two  cases  are  practically  the  same. 

134,  The  calcining  is  performed  in  a  kiln,  which  for  ordinary 
purposes  consist  simply  of  a  rough  masonry  structure  with  thick 
walls,  enclosing  a  hollow  space  of  varying  dimensions,  the  hori- 
zontal section  circular  and  the  vertical  oval,  the  diameter  at  the 
bottom  being  about  six  tenths  of  the  greatest  diameter;  and  in  order 
not  to  diminish  the  draught  nor  the  capacity  of  the  kiln  the 
height  varies  from  10  to  15  feet. 

This  is  the  general  construction  of  an  intermittent  kiln,  in  which 
the  fuel  is  all  placed  at  the  bottom.  The  fuel  is  usually  wood. 
The  larger  pieces  of  broken  limestone  are  formed  into  an  arch 
above  the  space  for  the  fuel,  and  above  this  the  kiln  is  filled  with 
broken  stone  somewhat  above  the  top ;  or  a  permanent  open  arch  of 
fire-brick  can  be  built,  over  which  the  broken  limestone  is  placed. 
The  heating  should  be  gradual  at  first  to  prevent  a  too  rapid 
expulsion  of  the  carbonic  acid  and  water,  shivering  the  lumps 
and  choking  off  the  draught.  After  a  uniform  red  her.c  has  been 
reached  the  temperature  should  be  kept  up  until  the  burning  is 
completed,  which  is  indicated  by  the  settling  of  the  mass,  and 
the  ease  with  which  an  iron  rod  can  be  made  to  penetrate  it. 
The  kiln  should  then  be  closed  to  keep  the  heat  confined  and 
complete  the  burning  of  the  upper  layers,  when  the  whole  mass 
is  removed  and  a  new  charge  put  in.  A  cylindrical  kiln  is  some- 
times used,  the  heat  being  supplied  from  a  furnace.  In  this  case 
the  limestone  is  fed  continuously  from  the  top,  and  is  completely 
burned  by  the  time  it  reaches  the  bottom,  whence  it  is  gradually 
removed.  This  is  a  form  of  the  perpetual  kiln.  Or  this  kind  of 
kiln  may  be  of  the  shape  of  an  inverted,  cone.  Such  a  kiln,  hav- 
ing a  diameter  at  the  bottom  of  about  4  feet  and  at  the  top  9  feet, 
and  16  feet  high,  may  contain  25  tons  of  limestone.  It  has  a 
grating  at  the  bottom  with  movable  bars,  upon  which  is  placed  a 
layer  of  brushwood,  then  alternate  layers  of  coal  and  moistened 
stone  piled  to  the  top,  the  larger  fragments  placed  in  the  centre, 
where  the  heat  is  more  intense.  By  removing  the  alternate  bars 
when  the  burning  has  been  suflBcient  the  lime  is  withdrawn,  and 
as  the  mass  settles  additional  layers  of  stone  and  fuel  are  thrown 
in  at  the  top.     Or  a  pair  of  vertical  cones  may  be  placed  base  to 
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base,  or  a  cylinder  on  top  of  a  lower  vertical  cone.     This  is  fed  in 
the  same  way. 

These  perpetual  kilns  are  economical  in  fuel;  the  lime  is  not  as 
uniformly  calcined,  and  more  skill  and  experience  are  required. 

The  kilns  may  be  constructed  of  brick,  stone,  or  concrete.  It 
is  better  to  line  the  kilns  with  fire-brick,  especially  if  built  of 
concrete  or  rough  masonry.  The  space  between  the  two  is  left 
hollow. 

The  amount  of  fuel  will  be  from  one  fifth  to  one  fourth  the 
weight  of  the  lime  produced.  A  pure,  rich  or  fat  lime,  i.e.,  quick- 
lime, requires  only  heat  enough  to  thoroughly  drive  off  the  carbonic 
acid  and  moisture.  Limes  containing  clay  require  a  high  tem- 
perature in  order  that  the  silicates  and  aluminates  may  be  formed, 
which  give  the  hydraulic  properties  required. 

135.  Oreat  care  must  be  taken,  however,  that  the  heat  is  not 
sufficient  to  fuse  the  particles  of  lime  or  cement.  The  Roman 
cements,  which  contain  a  quantity  of  iron  and  alumina  together 
equal  to  the  silicic  acid,  are  burnt  with  little  fuel  and  at  a  low  tem- 
perature. Portland  cement,  in  which  the  iron  and  alumina  are  less 
than  one  half  the  silicic  acid,  is  burnt  at  a  very  high  temperature. 
There  is  but  little  danger  of  fusing  the  particles,  and  the  tempera- 
ture may  be  raised  to  nearly  that  of  vitrifaction. 

The  stones  should  not  be  overburnt  nor  underburnt.  So  long 
as  any  carbonic  acid  is  left  in  the  stone  it  will  remain  at  a  dull-red 
heat,  but  when  it  is  all  expelled  the  stone  becomes  peculiarly 
bright.  If  overburnt,  a  hard,  heavy  substance  is  produced,  burnt 
to  a  clinker,  which  slakes  with  difficulty  and  only  after  the  lapse 
of  a  long  time,  and  may  cause  damage  to  the  masonry.  If  under- 
bnrnt,  the  substance  produced  is  partly  a  perfect  cement  and  partly 
free  quicklime,  which  is  prevented  from  slaking  by  the  setting  of 
the  cement,  and  may  also  cause  injury  to  the  work. 

Underburnt  lime  has  a  core  of  the  carbonate  left,  and  will 
not  slake.  Hydraulic  lime  overburnt  may  also  have  a  core  of  car- 
bonate left. 

If  the  limestones  contain  from  10  to  20  per  cent  of  impurities, 
the  hydraulic-limes  are  produced.     If  the  impurity  is  chiefly  clay, 
they  are  called  argillaceous  limestones;  if  silica,  silicious  limestones. 
If  between  20  and  60  per  cent  of  impurities  exist  in  the  lime- 
stones, the  hydraulic  cements  are  produced. 
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If  more  than  60  per  cent  of  impurities  are  founds  the  resulting 
product  is  called  a  calcareous  pozzuolana.  If  10  per  cent  or  less 
of  lime,  it  is  called  pozzuolana. 

136.  Pure,  rich,  fat  or  quick  lime  is  a  calcium  monoxide,  and 
is  produced  when  a  nearly  pure  limestone  is  heated  sufficiently  to 
drive  off  the  carbonic  acid.  It  is  an  amorphous,  infusible,  caustic 
mass,  and  has  a  specific  gravity  of  2.3.  It  combines  readily  with 
about  i  of  its  weight  of  water,  and  forms  hydrate  of  lime.  During 
this  process  the  lime  swells  to  from  2i  to  3^  times  its  original 
volume,  becoming  very  hot  and  boiling  violently,  forming  a  soapy,, 
unctuous  paste.  Owing  to  its  affinity  for  moisture  it  should  not  be 
exposed  to  air,  as  it  air  slakes,  and  partly  returns  to  the  condition 
of  carbonate  of  lime. 

It  should  be  kept  in  barrels,  and  protected  from  moisture  until 
needed. 

When  made  from  impure  limestones  it  is  called  meagre  or  poor 
lime. 

The  perfectness  with  which  the  lumps  fall  to  powder  when 
water  is  applied  is  a  fair  indication  of  the  quality  of  the  quick- 
lime. No  mashing  the  lumps  or  stirring  should  be  necessary, 
though  the  slaking  will  be  somewhat  hastenened  by  so  doing. 

The  paste  made  from  quicklime  will  not  harden  at  all  under 
water.  It  hardens  slowly  in  air  by  the  absorption  of  carbonic  acid 
and  the  crystallization  of  the  carbonate  of  lime  formed.  This  is  a 
slow  process,  but  after  the  lapse  of  years  it  attains  a  considerable 
degree  of  hardness.  It  is  at  least  doubtful  whether  in  large 
masses  the  interior  will  ever  harden.  A  thin  crust  forms  on  the  out- 
side, which  stops  the  necessary  absorption  of  carbonic  acid. 

Hydraulic  limes  slake  somewhat  slowly  when  mixed  with  water, 
little  heat  is  developed,  and  the  increase  in  volume  rarely  exceeds 
one  third  the  original  bulk.  A  paste  made  of  these  will  harden 
slowly  under  water.  It  is  generally  stated  that  these  limes  are  not 
manufactured  in  this  country.  The  silicious  limestones  produce 
on  calcination  the  hydraulic  limes  of  Teil,  in  France.  These  hy- 
draulic limestones  are  found  extensively  in  the  United  States,  but 
owing  to  the  fact  that  the  so-called  hydraulic-cement  stones  are 
found  abundantly  distributed  also,  it  has  neither  been  found  neces- 
sary nor  remunerative  to  manufacture  to  any  great  extent  the  in* 
ferior  grades. 
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Hydraalic  limes  made  into  a  paste  set  well  under  water,  but 
rather  slowly. 

187.  Hydraulic  Cements. — The  so-called  hydraulic  limes  pass 
imperceptibly  into  the  class  of  hydraulic  cements,  which  do  not 
slake  when  mixed  with  water.  There  is  no  sensible  elevation  of 
temperature  nor  increase  in  volume,  and  the  best  grades  do  not 
shrink  in  hardening  like  the  fat  limes,  and  can  be  used  without 
any  addition  of  sand.  They  set  rapidly  under  water.  The  rapid- 
ity of  setting  and  the  hardness  attained  vary  greatly  with  the  pro- 
portions of  clay  and  lime,  and  also  the  degree  and  duration  of  the 
heat  reached  in  burning. 

The  same  stone  may  produce  a  quick-setting  or  a  slow-setting 
cement,  depending  on  the  temperature  during  the  burning.  Some 
of  them  when  burnt  at  a  certain  temperature  may  set  rapidly  when 
first  mixed  into  a  paste  and  immersed  in  water,  but  are  wanting  in 
permanence  and  stability;  whereas  sometimes  a  temperature  above 
or  below,  or  both,  would  produce  a  good  cement.  On  the  contrary 
there  are  stones  that  will  only  produce  a  good  cement  at  a  certain 
maximum  temperature,  and  produce  an  inferior  grade  at  a  lower 
or  higher  temperature. 

Pure  limestones,  as  well  as  those  containing  not  more  than  22 
to  23  per  cent  of  clay,  will  stand  a  high  temperatui*e  without  fusing, 
whereas  those  containing  a  much  larger  proportion  of  clay  will 
fuse  at  a  temperature  not  much  above  a  red  heat.  If  those  con- 
taining from  22  to  23  per  cent  of  clay  are  burnt  at  a  high  tem- 
perature the  resulting  product  is  what  is  called  a  heavy,  slow- 
setting  cement;  but  if  calcined  at  a  moderate  temperature  the 
product  may  be  a  light,  quick-setting  cement.  In  the  latter  case^ 
where  the  stone  contains  larger  proportion  of  clay,  and  is  burned 
at  a  moderate  temperature,  the  product  will  be  a  light,  quick-setting 
cement. 

The  Boman  cement  and  the  hydraulic  cements  manufactured 
in  the  United  States  are  of  the  class  known  as  light,  quick-setting 
cements. 

POZZUOLANA. 

188.  Natural  pozzuolana  is  of  volcanic  origin.  It  is  usually 
found  in  the  form  of  a  more  or  less  coarse-grained  powder,  of  a 
brown,  red,  yellow,  or  gray  color. 
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Trass  is  also  a  naturally  burnt  argillaceous  earth.  Ar^nes  are 
natural  mixtures  of  sand  and  clay  which  apparently  have  not  been 
subjected  to  heat. 

All  of  these  are  clayey  earths  containing  80  to  90  per  cent  of 
clay,  with  a  little  lime  and  small  quantities  of  magnesia,  potash, 
soda,  and  oxide  of  iron. 

In  consequence  of  the  presence  of  clay  they  confer  hydraulic 
properties  upon  lime,  and  when  powdered  in  the  raw  state  they 
may  advantageously  be  added  to  fat-lime  paste.  The  following 
makes  a  good  proportion  of  ingredients:  12  parts  Italian  pozzuo- 
lana,  well  pulverized;  6  quartzose  sand,  well  washed;  9  rich  lime, 
recently  slaked. 

Artificial  pozzuolana  is  prepared  by  burning  clay.  Powdered 
bricks  or  tiles  can  also  be  used  for  the  same  purpose.  The  proper 
proportions  of  lime  to  the  pozzuolana  can  only  be  determined  by 
experiment. 

139.  It  may  be  stated  in  general  that  experience  and  experi- 
ment alone  can  be  relied  upon  to  determine,  1st,  whether  any 
particular  limestone  will  produce  hydraulic  lime  or  cement  at  all; 
2d,  what  is  the  proper  temperature  at  which  a  single  variety  or  a 
mixture  of  several  different  limestones  should  be  burnt  to  produce 
a  cement  of  a  certain  grade. 

These  experiments  can  be  made  by  calcining  samples  in  small 
crucibles,  heated  to  different  temperatures,  and  subsequently  tested, 
or  they  may  be  made  on  a  larger  scale.  Appearances  and  chemical 
analyses  will  not  determine  the  character  of  the  resulting  product 
from  calcination. 

ARTIFICIAL  CEMENTS. 

140.  Almost  any  grade  of  hydraulic  lime  or  cement  may  be 
manufactured  by  artificial  processes.  To  produce  a  light,  quick- 
setting  cement,  the  proper  proportions  of  fat  lime  and  clay  are 
mixed,  resembling  in  composition  the  natural  hydraulic  limestone, 
and  then  calcined  at  a  moderate  temperature.  The  mixture  may 
be  made  by  violently  stirring  the  materials  in  water,  or  they  may 
be  ground  in  the  dry  state  and  formed  into  a  paste  with  water. 
The  paste  is  then  moulded  into  bricks,  which  are  dried  and  calcined 
like  ordinary  lime.     Owing  to  the  present  facilities  for  obtaining 
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and  the  cheapness  of  the  ordinary  natural  cements  manufactured, 
hydraulic  limes  are  seldom  manufactured. 

Artificial  cements,  known  as  Portland  cements,  are,  however, 
manufactured  in  almost  every  country.  The  raw  limestone  or 
chalk  is  crushed  and  then  intimately  mixed  with  the  proper  pro- 
portion of  clay,  which  varies  with  the  composition  of  the  chalk, 
the  mixture  containing  before  burning  from  23  to  26  per  cent  of 
clay.  This  mixture  is  then  calcined  at  high  temperature,  which 
reaches  the  point  of  incipient  vitrifaction.  The  product  after 
burning  should  contain  from  58  to  63  per  cent  of  lime  combined 
with  about  22  per  cent  of  soluble  silica,  7  to  12  per  cent  of  alumina, 
and  small  percentages  of  oxide  of  iron,  magnesia,  etc. 

The  two  principal  processes  are  known  as  the  English  or  wet 
process,  in  which  chalk  and  clay  are  used,  and  the  German  or  dry 
process,  in  which  limestone  and  clay  are  used. 

With  white  chalk  (containing  no  clay)  3  volumes  of  chalk  and 
1  volume  of  alluvial  clay  or  mud  from  the  lower  Thames  are  mixed, 
and  with  gray  chalk  containing  some  clay  the  proportions  are  4 
parts  of  chalk  and  1  of  clay. 

In  the  wet  process  these  ingredients,  chalk  and  clay,  are  mixed 
in  water  to  the  state  of  a  semi-fluid;  when  thus  thoroughly  mixed, 
this  liquid  is  run  into  reservoirs  or  tanks,  and  allowed  to  settle  dur- 
ing several  weeks.  The  water  is  then  drawn  off.  The  solid  residue 
is  next  removed,  sometimes  further  mixed  in  a  pug-mill,  dried  on 
iron  plates  properly  heated  over  flues  of  kilns  or  other  sources  of 
heat,  burned  in  intermittent  kilns  at  a  very  high  temperature — 
but  little  below  the  point  of  vitrifaction,  and  then  ground  to  a  very 
fine  powder. 

In  the  dry  process  the  limestones  are  crushed  by  machinery, 
the  clay  is  roughly  burnt,  and  the  two  are  then  mixed  in  the  proper 
proportions,  as  explained  above,  to  give  the  right  percentages  of 
lime  and  clay,  and  are  ground  to  a  fine  powder.  This  powder, 
slightly  moistened,  is  run  through  a  pug-mill  to  mix  it  thoroughly, 
and  then  moulded  into  bricks.  These  bricks  are  then  dried  upon 
heated  plates,  burnt  as  above  described,  and  ground  to  powder. 

Ordinary  slag  ground  and  mixed  with  the  proper  proportion  of 
lime  and  properly  burned  produces  a  good  Portland  cement. 

The  Portland  cements  are  known  as  the  heavy,  slow-setting 
cements  when  properly  burned. 


174    THEORY  OF  THE  SETTING  OF  LIME  AKD  CEMENT  PASTES. 


It  is  more  economical  and  less  troublesome  to  burn  and  grind 
an  underburnt  cement^  which  no  doubt  is  often  resorted  to.  It 
will  also  set  more  quickly^  but  will  never  attain  the  same  degree  of 
ultimate  strength.  It  contains  an  excess  of  quicklime,  which  may 
slake  in  the  structure  and  cause  damage. 

Pure  carbonate  of  magnesia,  when  burned  at  a  rather  red  heat, 
ground  to  powder,  and  made  into  a  paste,  makes  a  good  hydraulic 
cement. 

141.  All  limes  and  cements  when  not  intended  to  be  used  at 
once  should  be  kept  in  tight  barrels,  which  should  also  be  lined 
with  brown  paper  in  order  to  exclude  moisture,  and  should  in  ad- 
dition be  stored  in  cement  sheds  or  houses,  as  they  will  deteriorate 
if  moisture  has  access  to  the  lime  or  cement.  If,  however,  they  can 
be  procured  direct  from  the  manufacturer  in  no  very  large  quanti- 
ties at  a  time,  it  is  not  unusual  to  deliver  the  lime  in  open  bulk, 
and  the  cement  in  sacks  or  bags.  The  difference  in  cost  is  a  little 
over  that  of  the  barrel.  There  is  always,  however,  more  or  less 
waste  through  the  interstices  of  the  bags  or  from  torn  or  untied 
bags;  and  even  when  exposed  to  a  slight  degree  of  moisture  or  a 
slight  shower  much  damage  is  often  done.  Good  barrels  will  waste 
but  little  in  handling;  they  will  stand  considerable  exposure  to  a 
more  or  less  moist  atmosphere,  without  serious  damage;  and  will  not 
be  injured  when  caught  in  an  ordinary  shower,  or  rain  if  not  long 
continued,  and  rapidly  dried  subsequently.  Although  there  is  a 
seeming  saving  in  the  cost,  there  will  practically  be  none  when 
these  things  are  balanced  against  each  other. 

THE  THEORY   OF  THE  SETTING  OF   LIME  AND  CEMENT  PASTES. 

142.  Neither  the  exact  changes  and  combinations  which  take 
place  during  the  operation  of  calcination,  nor  the  actual  changes 
and  combinations  during  the  process  of  setting,  are  known  or 
thoroughly  understood.  To  the  engineer,  however,  these  matters 
are  not  of  much  importance,  as  he  is  more  concerned  with  results 
than'  with  processes. 

A  few  general  principles  will  be  interesting,  and  may  be  useful. 

Ordinary  quicklime,  when  slaked  and  exposed  to  the  air,  will 
absorb  carbonic  acid  and  be  reconverted  into  a  carbonate  of  lime. 
This  action,  however,  rapid  at  first,  constantly  decreases,  and  practi- 
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cally  ceades  after  forming  a  thin  surface  orust  scarcely  more  than 
half  an  inch  in  thickness — the  interior  of  the  mass  remaining  in  a 
pasty  or -soft  condition  if  in  a  damp  situation^  and  becoming  friable 
and  easily  pnlyerized  if  in  a  dry  situation.  The  hardening  ceases 
in  the  interior  in  either  case.  Sand  found  in  the  limestone  as  an 
impurity  has  by  itself  no  chemical  action  with  the  quicklime;  when 
calcined  at  the  temperature  ordinarily  reached  in  the  calcination  it 
is  merely  a  mechanical  mixture,  as  when  mixed  with  sand  after 
burning. 

If  the  lime  paste  is  immersed  under  water  no  hardening  what- 
ever takes  place;  on  the  contrary  it  will  dissolve  slowly,  and  if  the 
water  is  frequently  changed  it  will  disappear  entirely. 

The  conclusion  is  inevitable  that  under  no  circumstances  should 
lime  paste  be  used  in  works  under  water  or  even  in  damp  situations, 
such  as  the  foundation-walls  of  houses,  and  it  should  not  be  used 
even  in  ordinary  dry  air  in  large  thick  masses.  When  used  iu  thin 
walls  built  of  porous  stones  or  bricks  a  certain  degree  of  hardness 
is  ultimately  attained. 

148.  The  hydraulic  limes  and  cements  owe  their  setting  or  hard- 
ening properties  almost  entirely  to  the  presence  of  clay,  which  either 
reduces  the  slaking  action  or  prevents  it  entirely,  and  causes  the 
paste  to  set  under  water  or  in  situations  and  in  those  portions  of  the 
mass  from  which  air  is  excluded. 

These  effects  are  more  marked  as  the  proportion  of  clay  is  in- 
creased, provided  it  does  not  exceed  about  40  to  50  per  cent  of  the 
whole  mass.  If  a  greater  proportion  is  present  the  setting  proper- 
ties are  injured,  and  if  over  60  per  cent  of  clay  is  present  it  will  not 
set  under  water  at  all.  It  then  becomes  pozzuolana,  which  can  be 
rendered  hydraulic  by  mixing  it  with  the  proper  proportion  of  lime. 

Limestone  containing  less  than  10  per  cent  of  clay  will  produce 
'  only  quicklime. 

Any  limestone  containing  from  10  to  50  per  cent  of  clay  will 
produce  hydraulic  lime,  hydraulic  cement,  or  Portland  cement,  de- 
pending on  the  proportions  of  clay  and  lime  and  the  degree  of  cal- 
cination to  which  it  is  subjected;  and  upon  the  same  conditions  de- 
pend the  various  grades  of  these  cements  in  respect  to  the  heavi- 
ness, the  slowness  or  rapidity  of  setting,  and  the  ultimate  strength 
and  hardness  attained. 

After  calcination  of  limestones  containing  clay  the  resulting  sub- 
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stance  contains  a  certain  proportion  of  quicklime,  and  certain 
compoands  of  clay  and  lime  which  have  the  property  of  becoming 
hard  under  water. 

The  silica  in  the  clay  must  be  soluble  and  in  combination  with 
other  substances.  The  mere  presence  of  sand,  flint,  etc.,  in  a  me- 
chanical mixture  with  the  lime  is  of  no  value.  This  explains  the 
reason  why  a  chemical  analysis  is  not  of  much  value,  as  it  is  not 
easy  to  determine  the  state  of  the  silica  or  sand. 

When  limestone  containing  clay  is  burnt,  the  carbonic  acid  and 
moisture  are  driven  off,  and  the  remaining  constituents  are  formed 
into  new  and  different  compounds,  which  are  usually  free  quick- 
lime mixed  with  silicate  of  lime  and  aluminate  of  lime. 

If  there  is  a  large  proportion  of  clay  in  the  limestone,  and  the 
burning  is  at  a  moderate  temperature,  the  lime  is  converted  into 
silicate  of  lime;  the  alumina  in  the  clay  will  not  combine  with  the 
lime.  The  result  is  a  quick-setting  cement.  If  the  amount  of 
clay  is  not  sufficient  to  furnish  enough  silica  to  convert  all  of  the 
lime  into  silicate  of  lime,  there  will  be  a  certain  proportion  of  quick- 
lime in  the  free  state;  this  will  slake  when  water  is  added.  The 
slaking  will  be  slow,  owing  to  the  presence  of  clay.  This  is  charac- 
teristic of  the  hydraulic  limes. 

If  the  burning  is  at  a  high  temperature,  some  of  the  lime  is 
converted  into  silicate  of  lime,  and  the  alumina  also  combines  with 
the  lime,  forming  aluminate  of  lime.  At  the  same  time  more  sili- 
cate of  lime  is  formed,  and  other  combinations  occur  which  produce 
double  silicates  of  lime  and  alumina.  These  compounds  have  the 
property  of  setting  under  water,  and  when  properly  burnt  the 
whole  of  the  lime  is  converted  into  either  silicate  or  aluminate* 
The  paste  becomes  hard  and  strong.  These  furnish  the  Portland 
cements,  heavy  and  slow-setting. 

If  underburnt  the  aluminate  is  not  formed,  and  the  result  is  a 
quick-setting  cement,  but  one  which  will  not  attain  great  strength. 

If  much  iron  is  found  in  the  clay,  and  the  combined  amount  of 
alumina  and  iron  is  large  as  compared  with  the  silica,  fusion  will 
take  place  unless  burnt  at  a  low  temperature.  This  is  the  case  in 
Eoman  cement,  which  should  not  weigh  more  than  75  lbs.  per 
struck  bushel,  and  sets  quickly — within  15  minutes  after  being 
mixed  in  a  paste — but  attains  no  great  ultimate  strength.     The 
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weight  of  this  and  similar  cements  should  be  specified,  as  if  too 
heavy  it  indicates  an  overburnt  cement. 

If  the  iron  and  alumina  are  comparatively  small  in  proportion 
to  the  silica,  the  mixture  can  be  burnt  at  a  high  temperature. 
These  are  the  conditions  in  the  Portland  cements,  which  are  the 
heavy,  slow-setting  cements.  They  should  weigh  106  lbs.  per 
struck  bushel,  and  set  in  from  two  to  five  hours. 

When  the  smallest  amount  of  clay  necessary  to  produce  a 
cement,  calcining  at  a  low  temperature,  will  not  produce  the  neces- 
sary conabinations  for  producing  a  strong  cement,  the  product  will 
result  in  either  a  hydraulic  lime,  which  slakes  and  then  sets,  or 
a  mixture  of  quicklime  and  quick-setting  cement,  the  latter  sets 
and  is  then  broken  up  by  the  slaking  of  the  lime.  Limestones, 
then,  containing  about  20  to  25  per  cent  of  clay — as  usually 
stated,  22  per  cent — should  be  burnt  at  a  very  high  temperature 
in  order  to  produce  cements  of  great  strength,  such  as  the  Port- 
land cements.  If,  however,  the  calcination  is  carried  beyond  the 
point  of  yitrif action,  the  resulting  product  is  inert,  and  without 
value  as  a  cement.  Stones  containing,  however,  from  23  to  36  per 
cent  of  clay  should  be  calcined  at  a  Iqw  temperature.  A  high 
degree  of  heat  will  give  a'  mixture  of  lime  and  cement  similar  to 
the  underburnt  slow-setting  cement,  or  it  may  result  in  a  slow- 
setting  cement.  With  such  stones  the  point  of  vitrifaction  is  soon 
reached,  and  a  poor  product  then  obtained. 

We  then  find  that  after  burning  such  stones  there  remains  a 
mixture  of  pure  lime  and  silicates,  or  of  pure  lime,  silicates,  and 
aluminates,  which  are  ready  to  combine  if  favorable  conditions  are 
offered.  If  the  cement  remains  in  a  dry  state  the  particles  may 
lie  close  together  without  combining.  When  placed  in  water,  the 
water  dissolves  and  distributes  the  particles  of  lime,  bringing  tbem 
in  contact  with  the  particles  of  silica  and  alumina;  these  combine 
one  by  one  and  form  hydrated  silicates.  A  certain  portion  of  water 
combines  with  the  silicates  and  aluminates,  forming  hydrated  com- 
pounds, which  set  by  crystallization  and  become  solid. 

This  explains  the  fact  that  cements  set  better  and  more  perfectly 
under  water,  and  if  allowed  to  dry  out  too  rapidly  the  setting  pro- 
cess is  impeded. 

This  is  also  true  of  the  quicklimes :  the  presence  of  a  certain 
amount  of  moisture  facilitates  the  absorption  of  carbonic  acid* 
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Walls  built  with  lime  mortar  in  hot  climafes  should  be  kept  moist 
for  a  time,  otherwise  the  mortar  becomes  granular,  is  apt  to  crumble, 
and  will  not  absorb  so  readily,  if  at  all,  the  necessary  carbonic  acid. 

144.  What  degree  of  hardness  or  firmness  is  to  be  understood  as 
a  "sef  is  rather  ill-defined.  Gen.  Gillmore  defines  it  as  a  state  of 
the  lime  or  cement  paste  in  which  it  will  not  change  its  form  with- 
out fracture,  or  when  it  has  entirely  lost  its  plasticity,  and  also  when 
it  will  support  without  indentation  or  depression  a  -j^-inch  wire 
loaded  with  J-pound  weight  and  a  ^V'i^ch  wire  loaded  with  1  pound, 
or  when  it  will  resist  the  pressure  of  the  finger  or  some  blunt  instru- 
ment. These  are  all  vague  and  uncertain  standards  of  either  actual 
or  relative  "set.*^  The  time  necessary  will  vary  with  the  tempera- 
ture of  the  air,  that  of  the  water  used  in  mixing,  and  of  the  water 
in  which  the  paste  is  immersed.  And,  after  all,  the  time  of  this 
initial  setting  is  not  reliable  indication  of  the  ultimate  and  progres- 
sive increase  of  hardness  and  strength.  Cement  as  a  rule  not  only 
improves  by  keeping  under  proper  conditions,  but  the  older  the 
cement  the  less  danger  of  its  "  blowing,^*  which  is  caused  by  the 
slaking  of  free  lime,  as  time  is  given  for  the  lime  to  slake  before 
using,  and  the  time  of  setting  is  also  longer  than  in  fresh  cements. 

The  weight  and  fineness  to  which  cement  has  been  ground  are 
important  factors  in  the  value  and  use  of  cements.  The  weight  is 
influenced  by  the  fineness  to  which  it  is  ground.  Hence  in  speci- 
fying the  required  weight  a  certain  degree  of  fineness  should  also  be 
specified.  A  coarse  cement  is  heavier  than  one  equally  well  burnt 
which  is  more  finely  ground.  The  weight  is  affected  also  by  ex- 
posure; the  samples  should  be  taken  from  various  parts  of  the 
heap.  The  difference  may  be  from  1  to  1^  pounds.  The  weight, 
again,  depends  on  the  manner  of  filling  the  measure.  It  should  be 
allowed  simply  to  slide  down  a  board  or  flow  through  a  sieve,  and 
when  filled  to  overflowing  the  surplus  over  the  top  of  the  measure 
should  be  carefully  struck  off  with  a  straight-edge. 

The  heavier  elements  are  slow-setting,  but  will  generally  become 
ultimately  harder  and  stronger  than  the  lighter  and  quick-setting. 
But  it  is  necessary  to  see  that  the  weight  is  not  increased  by  a  large 
proportion  of  coarse  and  unground  particles  which,  being  over- 
burnt,  will  slake  slowly  and  cause  injury  after  being  used  in  the 
work.  The  weight  test  alone  would  lead  to  coarse  grinding;  the  sieve 
test  only  would  lead  to  furnishing  a  light,  easily-ground  cement  of 
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an  inferior  strength.  Both  should  be  required,  but  by  specifying  a 
given  weight  a  definite  degree  of  fineness  is  secured  within  limits. 

Quick-setting  cements,  although  showing  an  initial  strength  and 
hardness  greater  than  slow-setting,  yet  the  latter  will  in  a  few 
days,  or  at  any  rate  in  a  week  or  two,  far  exceed,  as  a  rule,  the  quick- 
setting  in  strength  and  hardness,  and  ultimately  will  be  greatly 
superior  in  these  respects. 

All  particles  of  cement  which  can  be  detected  by  the  gritty  feel 
when  the  hand  is  inserted  into  a  barrel  of  cement  are  either  inert, 
and  therefore  reduce  the  amount  of  useful  and  available  cement,  or 
they  are  or  may  be  positively  injurious. 

Hydraulic  cement  of  the  Rosendale  type  weighs  from  60  to  70 
pounds  per  struck  bushel,  which  is  equivalent  to  from  49  to  56 
pounds  per  cubic  foot  (taking  the  bushel  as  equal  to  1.244  cubic 
feet).  Portland  cement  weighs  from  100  to  125  pounds  per  struck 
bushel,  or  from  80  to  91  pounds  per  cubic  foot 

As  to  the  requisite  fineness,  the  practice  of  engineers  differs 
widely,  some  requiring  that  when  sifted  through  a  No.  80  sieve,  that 
is,  one  haying  6400  meshes  or  openings  per  square  inch,  the  residue 
not  passing  through  should  not  exceed  12  to  15  per  cent  of  the 
whole.  Others  are  satisfied  if  only  10  per  cent  remains  after  sifting 
through  a  No.  50  sieve  or  one  with  2500  meshes  to  the  square  inch. 
This  last  result  should  certainly  be  required,  and  is  easily  attained. 
For  ordinary  cements  a  No.  80,  having  6400  meshes,  and  for  best 
Portland  cement  a  No.  180  sieve  having  32400  meshes  per  square 
inch  may  be  taken  as  extreme  requirements  as  to  fineness. 

One  barrel  of  lime  weighs  about  150  lbs.  to  250  lbs. 
"       "      Rosendale  cement  weighs  about  300  " 
"       «     Portland        ''  "  "     400  " 

A  barrel  contains  3  ordinary  bushels,  or  3f  cubic  feet  nearly. 
The  usual  dimensions  are :  length  2'  4'',  middle  diameter  1'  4^'^ 
and  end  diameter  1'  Z\'\ 

A  trade  bushel  is  some  specified  weight. 

According  to  the  English  standards  a  struck  bushel  contains 
1.28  cubic  feet,  by  the  American  standard  1.25  cubic  feet.  A  cubic 
yard  is  about  21  struck  or  '^  striked  "  bushels.  A  struck  bushel  is 
wlieu  the  measure  is  lightly  filled  and  smoothed  off  with  a  straight- 
edge at  top. 
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Tablb  XII. 

nflmPtitfl  Weight  per  Weight  per  Weight  per 

oemenis.  Cu.  Ft.Jbs.    Trade  Bushel,  lbs.    Striked  Bushel,  lbs. 

Portland 74  to  lOU  100  95  to  130 

Koman 60  "    62^  70  77  "    80 

Medina 61  68  78 

Keeue'8 64  75  82 

Parian 60  66  77 

Plaster  of  Paris. ...       50  .  •  64 

Whiting 64  ...  82 

See  Notes  on  Building  Gonstmction. 


SAND. 

146.  Sand  is  an  aggregation  of  loose  incoherent  grains  cf  a 
crystalline  structure^  derived  from  the  disintegration  of  rocks  and 
other  mineral  matter,  and  is  called  silicions,  argillaceous,  or  cal- 
careous, according  to  the  character  of  the  rocks  from  which  it  is 
derived. 

It  is  obtained  from  pits,  shores  and  beds  of  rivers,  sea-shores,  or 
may  be  made  by  grinding  sandstones.  Pit  sand  has  an  angular 
grain  and  a  somewhat  rough  surface,  but  often  contains  clay  and 
organic  matter.  When  washed  and  screened  it  furnishes  a  good 
sand  for  general  purposes. 

River-sand  has  more  or  less  rounded  grains,  and  may  or  may  not 
contain  clay  or  other  impurities.  It  is  commonly  of  fine  grain,  is 
often  white  in  color,  and  when  clean  is  suited  for  plastering. 

Sea-sand  has  also  more  or  less  rounded  grains.  It  contains 
alkaline  salts,  and  attracts  and  retains  moisture. 

Dirty  and  sea  sand  can  be  washed  either  by  hand  or  machinery; 
and  if  lumps,  pebbles,  or  vegetable  matter  such  as  leaves,  grasses, 
and  small  twigs  and  the  like,  are  found,  it  should  be  screened. 

Clean  sand  should  leave  no  stain  when  rubbed  between  moistened 
hands.  Sharp  sand  gives  a  gritty  feel  and  grating  sound  when 
rolled  in  the  hand,  and  tnay  be  detected  by  the  eye  alone  or  by  the 
aid  of  an  ordinary  magnifying-glass. 

If  the  grains  are  from  ^  to  ^  of  an  inch  in  diameter,  the  sand 
would  be  called  coarse;  if  from  ^^j  to  ^  of  an  inch,  fine  sand; 
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and  mixed  sand  when  it  is  of  varying  sizes  within  the  above 
limits. 

Bamt  clay  is  sometimes  used  as  a  substitute  for  sand;  also  the 
ardneSy  wbich^  though  not  burnt,  being  mixtures  of  clay  and  sand, 
are  often  used. 

Silicious  sands  derived  from  the  quartzose  rocks  are  the  most 
abundant,  and  are  generally  preferred. 

A  finer  sand,  which  seems  to  be  used  in  testing  cements,  will 
generally  pass  through  a  No.  30  sieve  containing  900  meshes  to  the 
square  inch,  and  will  be  retained  by  a  No.  40  sieve  containing  1600 
meshes  to  the  square  inch.  The  grains  of  this  sand  would  be  be- 
tween  ^  and  ^  of  an  inch  in  diameter. 

Sand  is  used  in  mortar;  also  for  distributing  the  pressure  on 
fioft  materials;  as  a  foundation  for  broken  stone;  a  cushion  and 
bed  for  paving-blocks;  and  as  a  joint  filling.  The  proper  qualities 
of  sand  for  these  purposes  will  be  discussed  under  those  heads. 


ART.  XV. 

MORTAR. 

146.  Mortar  is  composed  of  a  mixture  of  lime  or  cement,  sand, 
and  water.     The  proportions  of  these  ingredients  vary  greatly  with 
the  purposes  for  which  the  mortar  is  require<l,  the  time  of  setting 
desired,  and  the  strength  needed. 

The  uses  of  mortar  are  many  and  varied.  It  is  used  in  brick 
and  stone  masonry;  in  concrete;  in  plaster  for  walls;  in  stuccoing; 
iu  lining  cisterns,  tanks,  and  reservoirs;  in  making  artificial  stone; 
in  making  tiles  and  pipes,  and  for  many  other  similar  purposes. 

Ordinary  mortar  is  composed  of  quicklime,  sand,  and  water 
saflBcient  to  form  a  paste  of  the  proper  consistency.  This  mortar  is 
used  solely  from  considerations  of  economy.  It  is  absolutely  un- 
suitable for  damp  situations  or  for  thick  walls,  or  in  large  masses  as 
an  ingredient  in  concrete;  it  will  remain  moist  or  become  friable, 
and  has  but  little  strength  under  the  most  favorable  circumstances. 
It  Bhonld  never  be  used  in  the  foundations  of  houses,  and  in  no  part 
of  any  important  structure.  The  large  majority  of  brick  houses 
are, nevertheless,  built  with  lime  mortar;  but  that  the  practice  is 
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not  good  in  any  respect,  and  often  bad  eyen  from  an  economical  point 
of  view,  cannot  be  denied.  The  structure  is  composed  of  alternating 
strong  and  weak  layers.  A  thin  crust  is  formed  on  the  outside, 
but  the  mortar  remains  soft  on  the  inside,  or  at  any  rate  in  a 
crumbly  condition;  consequently  the  pressure  is  not  uniformly  dis* 
tributed,  being  concentrated  towards  the  faces,  often  causing  chip- 
ping and  scaling;  headers  or  bond-stones  are  sheared  off;  the  slight- 
est shrinking  or  yielding  of  any  portion  of  the  walls  causes  cracks, 
which  meander  and  follow  the  joints;  the  mortar  absorbs  and  re- 
tains moisture,  which  on  freezing  is  thrown  out,  requiring  repoint- 
ing;  and  the  necessary  patching  and  repairing  may  cost  a  great  deaL 
Damp  cellars  and  damp  walls  are  both  inconvenient  and  unhealthy. 
As  it  is,  however,  used  in  great  quantities  it  demands  more  than  a 
passing  notice. 

147.  Slaking, — Ordinarily  the  quicklime  is  measured,  or  the 
barrels  are  emptied  into  spaces  surrounded  by  a  circular  embank- 
ment of  sand,  or  in  large  boxes  made  of  plank,  tlje  depth  being 
only  12  or  15  inches,  and  water  enough  to  slake  it  thoroughly  is 
poured  or  sprinkled  over  it.  It  is  poured  over  it  in  considerable 
quantities,  the  amount  of  water  varies  from  one  third  to  one  half 
of  the  bulk  of  the  lime.  Fresh  lime  requires  more  water  than  that 
which  has  been  kept  for  some  time.  Great  heat  is  evolved,  the 
lime  swells,  falls  to  powder,  and  forms  a  paste  of  the  hydrate  of 
lime.  There  will  usually  be  left  granules  or  pieces  of  core  which 
will  not  slake.  These  are  removed  by  screening,  the  semi-fluid 
lime  being  allowed  to  run  from  one  box  to  another  through  a  grat- 
ing. Time  is  given  to  thoroughly  slake  the  lime,  the  surplus 
water  rising  and  covering  it;  or  it  may  be  covered  over  with  sand: 
this  prevents  deterioration  by  absorption  of  carbonic  acid.  It  then 
remuins  in  this  condition  until  required  for  use.  More  frequently, 
after  being  well  slaked  and  screened,  the  proper  portion  of  sand  is 
mixed  with  the  paste  more  or  less  thoroughly  and  intimately.  This 
is  then  heaped  up  in  large  piles  and  covered  over  with  sand. 

Lime  mortar  is  improved  by  being  thus  kept  after  mixing  with 
sand.  When  ready  to  use  the  mortar,  a  certain  portion  of  the  mixture 
is  shovelled  into  a  box,  and  properly  tempered  with  a  little  water. 
The  quantity  of  water  varies  with  the  condition  of  the  sand  as  to 
dryness  and  moisture.  The  quantity  of  sand  in  lime  mortar  varies 
considerably — from  2^  to  3^^  of  sand  to  1  volume  of  pure  slaked 
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lime  iu  paste.    The  paste  is  usually  soft  and  plastic^  so  that  it  may 
be  spread  rapidly. 

One  barrel  of  lime^  230  lbs.  by  weight,  will  make  about  2^  bar- 
rels of  paste — equivalent  to  0.3  cubic  yard  of  stiff  lime  paste.  One 
barrel  of  lime  paste  and  3  barrels  of  sand  will  make  about  3  barrels 
of  good  lime  mortar — equivalent  to  0.4  cubic  yard;  or,  1  barrel  of 
unslaked  lime  with  6.75  barrels  of  sand  will  make  about  6.75 
barrels  of  mortar  equivalent  to  0.95  cu.  yd. 

Another  proportion :  1  cu.  ft.  lump  lime,  3  cu.  ft.  sand,  7^  gallons        I 
water,  2f  cu.  ft.  mortar.  *» 

For  ordinary  use  lime  mortars  are  mixed  by  hand.  Machine- 
mixed  mortars  are  usually  regarded  as  better.  As  thorough  mixing 
is  essential,  each  and  every  grain  of  sand  should  be  well  coated  with 
the  paste. 

148.  Uses  Qf  Sand, — Sand  is  essential  in  lime  mortar  to  prevent 
the  excessive  shrinking  and  cracking  that  would  take  place  in  the 
setting  of  lime  paste. 

It  is  supposed  to  increase  the  resistance  to  crushing,  but  dimin- 
ishes the  tenacity.  In  excess  it  makes  the  mortar  brittle  and  friable 
on  drying.  It  facilitates  to  some  extent  the  absorption  of  carbonic 
acid  by  the  mortar,  which  should  be  kept  moist  for  a  time.  For 
this  reason,  among  others,  a  rather  coarse  sand  is  preferred  for 
lime  mortar.  Finally,  sand  is  cheaper  than  lime;  therefore  the 
larger  the  proportion  of  sand  the  cheaper  the  mortar. 

One  barrel  of  lime  produces  about  0.3  cubic  yard  of  mortar,  and 
i  of  a  barrel  of  lime  and  1  barrel  of  sand  produce  about  0.32 
cubic  yard  of  mortar.  Since  a  barrel  contains  3  bushels  or  3| 
cubic  feet,  there  will  be  7.2  barrels  to  the  cubic  yard.  Then  1 
barrel  of  lime  or  0.3  cu.  yd.  of  mortar  @  $1.00  =  11.00 

and  i  of  a  barrel  of  lime  @  11.00  per  barrel  =     $0.33^ 
1  barrel  of  sand  @  11.00  per  cu.  yd.  =  -V°f  =       0.13$         0.47 


Amount  saved  for  each  0.3  cu.  yd.  or  8.1  cu.  ft. 
of  mortar  =  $0.53 

Practically  the  cost  is  only  one  half  if  shrinkage  is  not  con- 
sidered, but  considerable  when  it  is. 

Sand  only  enters  the  mortar  as  a  mechanical  mixture, and  little 
or  no  chemical  action  ever  takes  place  between  the  sand  and  the 
lime.    The  hardened  mortar  is  simply  an  inferior  artificial  sand- 
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stone,  the  grains  of  sand  being  cemented  together  by  a  carbonate 
of  lime  far  from  uniform  in  strength  and  hardness. 

On  many  works  of  even  some  degree  of  importance  and  magni- 
tude it  is  not  unusual  to  mix  lime  and  cement  together — either  1 
barrel  of  lime  and  1  barrel  of  cement,  or  1  barrel  of  lime  and  2 
barrels  of  cement.  The  lime  should  be  thoroughly  slaked  before 
mixing  with  the  cement,  otherwise  the  lime  may  not  slake  until  the 
mortar  has  been  used  and  partially  set,  resulting  in  ''blowing''  and 
serious  injury.  When  properly  proportioned  it  is  said  not  to  injure 
the  cement,  and  at  the  same  time  is  somewhat  economical.  All 
things  considered,  it  is  of  doubtful  yalue. 

149.  Cement  Mortar. — Either  hydraulic  cement  or  Portland 
cement,  sand,  and  water  are  used  in  what  is  commonly  known  as 
cement  mortar,  the  only  difference  being  in  the  proportion  of  the 
ingredients  used  and  the  ultimate  hardness  and  strength  obtained. 

As  there  is  no  appreciable  slaking  when  water  is  mixed  with 
cement  to  form  a  paste,  and  as  setting  and  hardening  results  from 
the  chemical  actions  which  commence  almost  immediately  upon 
the  exposure  of  cement  to  the  air,  or  upon  the  adding  of  water  to 
the  cement  powder,  no  time  is  required  between  the  mixing  and 
the  use  of  the  mortar.  On  the  contrary,  positive  harm  may  result 
if  the  use  is  delayed.  The  paste  will  immediately  begin  to  stiffen 
and  lose  its  plasticity,  and  it  becomes  necessary  to  re  temper  with 
water;  and  any  disturbance  of  the  paste  after  the  chemical  com- 
binations begin,  which  occur  simultaneously  throughout  the  mass, 
impedes  the  further  setting,  if  it  does  not  permanently  injure  the 
ultimate  strength,  of  the  mortar. 

It  is  usually  required  that  cement  mortar  shall  be  mixed  in 
small  quantities  at  a  time  and  used  without  delay.  This  require- 
ment can  be  easily  complied  with,  and  should  be  insisted  upon. 
Very  few  cements  set  so  rapidly  when  mixed  with  sand  that  a 
reasonably  sized  batch  cannot  be  used  before  losing  its  plasticity. 

150.  Proportmis  of  Ingredients. — The  proportions  of  cement, 
sand,  and  water  will  vary  according  to  the  kind  and  quality  of  the 
cement,  the  proportion  of  lime  and  clay,  the  degree  of  calcination, 
the  degree  of  fineness  to  which  it  has  been  ground,  the  size  of  the 
grains  of  sand,  and  the  purposes  for  which  the  mortar  is  required. 
The  best  practice  limits  the  water  to  a  very  small  quantity;  any 
amount  of  water  beyond  that  which  the  necessary  chemical  com- 
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binations  require  impedes  the  settings  and  it  is  claimed  injures  the 
mortar. 

In  the  cement  mortar  used  in  the  concrete  under  the  Wash- 
ington Monument  Oen.  T.  L.  Gasey^  U.  S.  Engineer^  used  13}^ 
gallons  of  water  to  the  barrel  of  cement  in  dry  weather,  and  no 
water  at  all  in  wet,  soaking  weather.  In  England  from  5j^  to  7^ 
gallons  of  water  per  barrel  of  cement  have  been  used.  '  Some 
engineers  make  a  yery  soft  mortar — ^almost  a  semi-fluid — without 
measuring  the  water.  Both  of  the  proportions  apply  to  Portland 
cement. 

In  practice,  where  no  attention  is  given  the  subject,  as  a  rule  as 
much  as  50  per  cent  of  water  is  used,  so  that  about  30  per  cent  has 
to  be  drawn  off  by  evaporation.  This  reduces  the  tensile  strength. 
A  good  working  rule  for  cement  mortars  as  determined  by  numer- 
ous experiments  seems  to  be  about  1  part  of  water  to  3  parts  of 
cement  by  volume,  or  1  to  3^  by  weight,  both  as  regards  mixing, 
handling,  and  ultimate  results. 

The  proportion  of  sand  to  hydraulic  cement  rarely  exceeds  2 
sand  to  1  cement  for  ordinary  purposes,  often  only  1  to  1;  and  in 
unimportant  structures  3  to  1  is  often  used. 

The  proportion  of  sand  to  Portland  cement  is  rarely  less  than 
2  to  1,  very  commonly  3  to  1,  and  in  unimportant  works  4  and  5 
to  1.  It  is  stated  that  even  8  sand  and  1  Portland  cement  will  give 
better  results  than  ordinary  lime  mortar. 

151.  One  barrel  of  Rosendale  cement,  as  ustially  packed,  will 
measure  in  the  loose  state  from  1.25  to  1.40  barrels,  weigh  about 
300  pounds  net  when  finely  ground,  and  make  from  3.70  to  3.75 
cubic  feet.  One  barrel  of  dry  cement  mixed  with  0.33  of  a  barrel 
of  water  will  make  about  0.66  cubic  foot  of  stiff  paste.  This  re- 
duced to  cubic  feet  of  course  holds  the  same  ratios. 

The  Western  Bosendales  are  lighter,  weighing  about  265  pounds 
net  per  barrel,  and  will  measure  in  the  loose  state  about  1.1  barrels. 

Portland  cement  weighs  400  pounds  gross  and  375  net,  and  will, 
measured  in  the  loose  state,  make  about  1.2  barrels.  Volume  for 
volume  Portland  cement  dry  will  make  about  the  same  amount  of 
paste  as  the  Bosendales,  100  pounds  making  a  cubic  foot  of  stiff 
mortar. 

As  there  is  neither  swelling  nor  shrinking  in  the  case  of  cement 
mortars,  the  addition  of  sand  simply  diminishes  the  cost  of  the 
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mortar  in  proportion  to  the  increase  in  the  quantity  of  sand. 
Sand  is  not  necessary  as  in  lime  mortars. 

Uses  of  Sand. — In  cement  mortar  it  is  not  necessary  to  use 
sand,  as  no  shrinking  or  cracking  should  occur  if  the  cement  is 
good.  It  retards  the  settings  diminishes  the  tensile  strength, 
increases  the  resistance  to  crushing,  and  is  principally  used  as  a 
matter  of  economy. 

As  cement  mortars  harden  from  internal  causes  and  not  like  lime 
mortars  from  external  causes,  it  is  natural  to  assume  that  a  rather 
fine  sand  would  be  better  than  a  coarse-grained  sand ;  and,  moreover, 
cement  will  carry  a  larger  proportion  of  fine  sand,  and  it  is  there- 
fore economical.  In  general  terms  it  may  be  said  that  the  size  of 
the  grains  of  sand  does  not  materially  affect  the  strength  of  the 
mortar. 

Yet  there  seems  to  be  a  decided  objection  to  the  use  of  exceed- 
ing fine  sands.  Th6  principal  things  to  consider  are  cleanness, 
sharpness  of  grain,  angular  rather  than  rounded,  and  rough 
surfaces. 

It  is  generally  assumed  that  sand  enters  only  as  a  mechanical 
mixture. 

162.  There  seems  to  be  great  difference  of  opinion  in  regard 
to  the  effects  of  freezing  on  mortars.  Some  maintain  that  it 
seriously  retards  the  setting  and  positively  injures  the  mortar; 
others  maintain  with  equal  positiveness  that  even  if  it  somewhat 
impedes  the  setting  it  does  not  injure  it.  Alternate  freezing  and 
thawing  may  be  injurious,  while  a  continuous  frozen  state  may  not. 
It  is  undoubtedly  wise  to  suspend  the  building  of  masonry  during 
extremely  cold  weather,  but  it  is  not  always  done.  Many  add  salt 
in  the  form  of  a  weak  brine  and  continue  the  work;  others  con- 
tinue without  this,  to  say  the  least,  doubtful  practice.  One  quart 
of  salt  to  the  water  required  to  mix  a  barrel  of  cement  is  ample. 

It  has  been  found  that  from  ^  to  2  per  cent  of  coarse  sugar  dis- 
solved in  water  and  mixed  with  cement  increases  the  strength. 

153.  The  sand  and  mortar  should  be  first  thoroughly  mixed  in 
the  dry  state  until  the  color  of  the  mixture  is  uniform,  and  the 
water  then  added ;  otherwise  there  will  not  be  an  intimate  mixture 
of  the  two.  The  practice  on  this  point  also  differs;  water,  sand, 
and  cement  being  often  mixed  together. 

The  essential  result  to  be  attained  is  that  every  grain  of  sand 
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should  be  entirely  covered  with  paste.  The  mortal*  is  either  mixed 
by  hand  or  by  machinery;  the  latter  is  regarded  as  producing  the 
better  results.  A  large  worm-screw  eight  or  ten  feet  long^  revolving 
in  a  trough  but  little  larger  than  the  screw,  works  well.  The 
cement  and  sand  being  deposited  at  one  end  in  the  proper  propor- 
tion, is  revolved  over  and  over  and  carried  forward  until  well  mixed; 
water  is  then  allowed  to  mix  with  it  in  the  proper  proportions, 
which  is  turned  over  with  it  and  carried  forward.  At  the  end  of 
the  trough  it  drops  into  barrows,  buckets,  or  boxes.  When  mixed 
by  hand  the  sand  and  cement  are  first  mixed  in  a  box  with  shovels, 
and  the  water  added.  The  mixing  is  then  completed  with  hoes 
and  shovels. 

The  cost  of  English  and  German  Portland  cements  vary  from 
$2.60  to  $3.50  per  barrel,  American  Portland  from  $3.30  to  $2.50 
per  barrel;  Rosendales  and  other  American  hydraulic  cements  from 
$1.10  to  $1.30  per  barrel. 


ART.  XVI. 
CONCRETE. 

164.  GoKGBETE  is  One  of  the  most  useful,  convenient,  and  eco- 
nomical materials  used  by  engineers. 

It  is  an  artificial  compound  or  stone,  composed  of  lime  or 
cement,  water,  sand,  and  some  hard  material,  such  as  broken  stone 
or  brick,  gravel,  shingle,  shells,  slag,  etc.  The  mortar  formed, 
called  the  matrix,  cements  together  the  hard  material  called  the 
aggregate. 

The  strength  and  other  qualities  of  the  concrete  depend  mainly 
iipon  the  mortar,  but  are  necessarily  influenced  to  some  extent  by 
the  hard  materials. 

As  lime  mortar  is  unfit  to  be  used  where  great  strength  is 
required,  or  when  placed  in  a  damp  situation,  so  also  concrete 
made  of  lime  mortar  should  never  be  used  under  like  conditions. 
It  is,  however,  often  used  for  building  the  walls  of  houses  above 
ground,  and  seems  to  make  a  good  and  a  cheap  wall.  An  ordinary 
proportion  of  ingredients  is  1  quicklime,  2  sand,  and  5  or  6  of 
broken  stone  or  brick  or  gravel. 
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Concrete  of  Cement  Mortar. — Only  the  best  mortar  that  can  be 
made  of  the  available  materials  should  be  used  in  concrete^  as  the 
qualities  of  the  mortar  for  this  purpose  are  of  greater  importance 
than  when  it  is  used  in  stone  or  brick  masonry.  More  depends  on 
the  character  of  the  mortar^  and  only  the  best  brands  of  hydraulic 
cement  and,  better  still,  of  Portland  cement  should  be  used. 

155.  Hard  Materials. — For  the  aggregate  of  concrete  almost 
any  hard  material  may  be  used.  Where  the  weight  of  the  con- 
crete is  unimportant,  the  lighter  materials,  such  as  broken  brick, 
shells,  the  lighter  and  more  porous  stones,  and  breeze,  may  be  used. 
Where  weight  is  desirable,  as  in  the  air-chambers  and  cribs  of 
caissons,  breakwaters,  and  sea-walls,  the  more  ponderous  materials, 
such  as  the  heavier  stones,  should  be  used. 

All  porous  stones  should  be  thoroughly  wet,  especially  if  a 
slow-setting  cement  is  used;  and  all  stones  kept  moist,  especially  in 
hot  weather. 

Angular  broken  stone  is  usually  preferred  to  rounded  pebbles 
or  shingles,  as  the  mortar  takes  better  hold  of  the  rougher  stones, 
and,  overlapping,  they  make  a  better  bond.  It  may  be  stated 
generally  that  within  a  certain  limit  the  smaller  the  broken  stones 
or  gravel  the  better — from  the  size  of  a  walnut  to  that  which  will 
pass  through  a  2-inch  ring  or  mesh.  A  mixture  of  broken  stone, 
varying  from  2\  inches  to  1  inch,  is  favorable  for  packing,  and  if 
the  open  spaces  can  be  filled  with  chips  of  stone  and  gravel  from 
the  size  of  a  pea  to  a  diameter  of  half  an  inch,  less  mortar  will  be 
required  and  a  more  solid  and  compact  mass  obtained.  The 
stone  can  be  broken  by  hand  or  by  machinery.  The  Blake  and 
the  Gates  crushers  are  both  good  machines.  There  is  a  difference 
of  opinion  and  practice  as  regards  screening  the  broken  stone.  It 
is  doubtless  best  to  remove  by  air-blasts,  if  practicable,  the  impal- 
pable powder  that  always  is  formed  when  stone  is  crushed  by 
machinery.  Gravel  and  shingle  should  generally  be  screened  to 
remove  the  larger-sized  pebbles,  dirt,  and  vegetable  matter,  and 
should  be  washed  if  they  contain  silt  or  loam.  Slag  from  furnaces, 
if  not  too  glassy,  but  somewhat  porous,  makes  an  excellent  aggre- 
gate.     If  it  contains  lime,  it  may  be  injurious. 

156.  With  the  weaker  cements  and  a  good  hard  variety  of 
stone,  the  greater  the  quantity  of  stone  consistent  with  having  all 
voids  filled  the  better  will  be  the  concrete. 
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With  the  stronger  cements  and  softer  stones  the  reverse  will 
give  the  better  result.  For  economy,  as  mnch  stone  as  the  mortar 
will  carry  should  be  used.  In  any  ca^e  there  should  be  sufficient 
mortar  to  thoroughly  fill  all  voids,  and  a  small  excess  in  addition. 
The  amount  of  mortar  can  easily  be  obtained  by  filling  a  box  con- 
taining a  cubic  yard  of  well-soaked  stones,  but  not  dripping  with 
water,  and  then  pouring  a  sufficient  quantity  of  water  to  fill  all 
voids.  This  volume  of  water  increased  somewhat  will  give  the 
cubic  feet  of  mortar  required.  Some  authorities  give  as  the  result 
of  numerous  experiments  the  voids  at  from  20  to  30  per  cent  of 
the  whole  with  mixtures  of  broken  stone  and  gravel.  The  voids 
in  broken  stone  of  uniform  size  may  be  as  much  as  50  per  cent. 
If  the  pieces  vary  in  size  the  voids  may  be  only  40  per  cent  or  less. 
The  following  gives  the  results  of  some  experiments : 

Table  XIJI. 
Stone  broken  to  2^  inches,  voids  10  cubic  feet  in  one  cubic  yard^ 

<C  U  U    2  ^  '*        \0%r       *'  ^^  **         "  **  ^* 

a  l€  M     11  U  l€        111        U  «  ((         (*  «  <( 

Shingle  "      9      «       "     "     "       "         '* 

Sand  '*      6      '*       "      "     "        "         " 

A  mixture  of  diffei^ent  sizes  materially  reduces  the  amount  of 
voids,  and  therefore  requires  less  mortar. 

Below  are  given  fair  averages  of  proportions  of' ingredients,  not 
including  water,  the  amount  of  which  varies  so  greatly  with  the 
opinion  of  engineers  from  the  almost  dry  mixture  to  a  very  soft 
and  plastic  one,  that  it  cannot  be  fixed  by  any  rule : 

Table  XIV. 

Hydraulic  cement 1  part. 

Sand 2  parts. 

Broken  stone 3  to  4  parts. 

Portland  cement 1  part. 

Sand 2  to  3  parts. 

Broken  stone 4  to  7      " 

Portland  cement.  1  part. 

Sand 2^  parta 

Gravel 3       " 

Broken  stone 5       " 
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For  one  cubic  yard  of  concrete,  with  sand,  grayel,  and  broken 
stones,  the  following  will  be  proportions  : 

Broken  stone  with  50  per  cent  of  voids 1  cubic  yard. 

Gravel  to  fill  voids  in  stones i    **        " 

Sand     «    "       "      "gravel i    "        '' 

Cement"    "       "     "sand i   "        *' 

For  one  cubic  yard  of  broken  stone  and  sand: 

Broken  stone  with  50  per  cent  of  voids . .  1.00  cubic  yard. 

Sand  to  fill  voids  in  stone 50     "       " 

Cement  to  fill  voids  in  sand 25      "       " 

157.  Having  fixed  upon  the  proportion  of  the  ingredients 
according  to  the  kind  of  cement,  the  sizes  of  the  broken  stone,  the 
strength  of  the  concrete,  and  the  importance  of  the  work^  the 
proper  mixing  of  the  concrete  is  to  be  decided  upon.  The  rules 
and  the  practice  governing  the  mixing  vary  as  widely  as  the  pro- 
portion of  the  ingredients.  It  may  be  stated,  in  general,  that  if 
too  much  time  is  not  consumed  in  the  mixing,  a  good  result  can 
be  obtained  in  any  of  the  many  ways  practised,  if  only  the  mixing 
is  thorough. 

For  hand-mixing,  it  can  safely  be  said  the  best  American  practice 
is  .to  first  mix  the  sand  and  cement  dry,  and  then  by  addition  of 
the  proper  amount  of  water  form  the  paste  as  described  for  mixing 
mortar.  Next  spread  the  mortar  in  a  uniform  layer,  upon  which 
the  broken  stone  is  laid  evenly  and  uniformly ;  or,  better,  perhaps, 
first  spread  a  thin  layer  of  mortar,  on  this  a  thin  layer  of  stone, 
then  another  layer  of  mortar  on  this  and  another  layer  of  stone 
on  top,  the  stone,  of  course,  properly  moistened.  This  mass  is 
now  turned  over  and  over  with  shovels,  first  towards  the  centre, 
and  then  out  from  the  centre  towards  the  sides;  or  it  may  be 
heaped  up  from  the  sides  and  ends  to  an  oval-shaped  pile.  As  each 
shovelful  is  thrown  up,  a  few  cuts  into  the  mass  with  the  shovel 
almost  vertical  will  not  only  prevent  the  stones  from  rolling  down 
the  sides,  but  will  materially  aid  in  the  mixing;  then  the  mass  is 
turned  outward  from  the  centre,  spread  out  into  layers  again,  and 
the  operation  repeated.  Two,  three,  or  more  turnings  may  be 
necessary.     It  should  be  turned  until  every  stone  is  coated  with 
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oement   and  the  entire  mass  presents  the  uniform  color  of  the 
mortar,  and  the  mortar  and  stones  are  uniformly  distributed. 

168.  The  English  method  consists  in  first  spreading  all  the 
materials  in  the  dry  state,  and  turning  them  over  two  or  three  times 
to  thoroughly  incorporate  the  ingredients.  The  dry  mixture  is  then 
sprinkled,  not  drowned,  the  water  being  added  gradually  through  a  * 
rose,  only  sufficient  water  being  used  to  bring  it  to  the  proper  con- 
sistency. If  poured  on  too  freely  the  cement  will  be  washed 
away.  The  moist  mass  must  then  be  turned  oyer  several  times,  as 
above  described. 

159.  In  machine-mixing  either  method  may  be  adopted,  and 
both  produce  good  results.  Only  two  of  the  machines  will  be  de- 
scribed, both  of  which  ai*e  common  in  this  country. 

One  machine  has  a  cubical-box  about  4  feet  on  each  edge,  rotat- 
ing on  a  diagonal  axis  passing  through  the  box,  into  which  a  batch, 
consisting  of  J  barrel  of  cement,  1^^  barrels  of  sand,  2i  barrels  of 
pebbles,  and  3  barrels  of  broken  stone,  to  which  was  added  in  the 
case  described  about  10  gallons  of  water,  is  thrown.  The  mixer  is 
then  turned  eight  times,  which  seemed  sufficient  to  thoroughly  mix 
the  batch.  The  concrete,  when  emptied  from  the  box,  appeared 
about  as  moist  as  moist  brown  sugar.  No  water  was  added  in  wet 
weather.  Cylinders  of  various  capacities,  i,  i,  }  or  1  cubic  yard, 
turning  similarly  on  a  diagonal  axis,  have  been  used. 

In  another  machine  the  sand  and  cement  are  allowed  to  drop 
from  a  hopper  into  a  trough  with  a  worm-screw  turning  in  it,  the 
mortar  being  mixed  as  described  under  the  head  of  Mortar.  This 
drops  from  the  other  end  of  this  trough  into  an  iron  receptacle, 
slightly  inclining  downwards  from  the  trough.  The  receptacle  is 
about  two  thirds  of  a  cylinder,  in  the  axis  of  which  is  placed  an 
iron  axle  with  arms  or  ribs  at  intervals,  so  arranged  that  on 
turning  the  axle  the  tendency  is  to  turn  over  and  over  and  move 
forward  any  materials  in  the  cylinder.  If  exact  proportions  are 
required,  a  few  cubic  feet  of  mortar  could  be  allowed  to  drop  into 
the  mixer  at  the  upper  end,  with  which  could  be  mixed  the  proper 
proportion  of  stone.  This  mixture  could  then  be  fed  into  the 
mixer  at  the  rate  proportioned  to  its  capacity.  More  commonly, 
however,  a  barrel  of  cement,  and  2  barrels  of  sand  are  fed  through 
hoppers  into  the  worm-screw  trough,  and  the  4  or  5  barrels  of 
stone  are  collected  at  the  end  of  the  mixer.     Both  the  worm-screw 
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and  the  shaft  of  the  mixer  are  run  each  at  a  special  and  different  but 
uniform  speed.  As  the  mortar  falls  from  the  trough  one  man^  or 
two  men  alternating,  shovel  the  broken  stone  into  the  mixer  at  a  uni- 
form rate.  The  mortar  and  the  stone  are  then  turned  over  and 
carried  forward,  being  thoroughly  mixed  when  reaching  the  lower 
end  of  the  mixer,  from  which  it  drops  into  barrows  or  boxes  run 
under  it,  and  is  carried  to  the  place  where  used.  This,  although 
not  producing  a  perfectly  uniform  mixture,  gives  the  results  within 
a  reasonable  limit  of  uniformity,  and  with  due  care  and  skill  will 
answer  reasonable  and  practical  requirements  as  regards  the  pro* 
portions  of  ingredients. 

160.  In  whatever  manner  concrete  may  be  mixed,  it  is  usually 
deposited  in  layers  varying  in  thickness  from  6  to  12  inches.  As 
each  layer  is  spread  it  should  be  carefully  rammed,  and  even  with 
a  small  amount  of  moisture  a  thin  skim  of  water  will  appear  on 
the  top;  this  indicates  a  sufficient  degree  of  compactness.  If  too 
much  water  is  present  the  top  will  be  flooded  with  a  half-inch  or 
more  of  water  mixed  with  pure  cement,  which  will  be  forced  up 
with  the  water,  or  a  more  or  less  semi-fluid  paste  will  form  on  top. 
This  will  generally  be  accompanied  with  a  sponginess  and  a 
springing  or  wave-like  motion  of  the  concrete  mass.  This  indi- 
cates that  the  mortar  is  too  wet;  also,  that  much  of  the  cement  has 
been  brought  to  the  surface,  thereby  reducing  the  strength  of  the 
mortar;  and,  furthermore,  that  the  stones  have  been  driven  in  too 
great  proportion  to  the  bottom.  This  will  always  occur  in  soft  con- 
cretes even  when  not  excessively  wet,  if  the  ramming  be  too  heavy 
and  long  continued.  With  mortar  of  the  proper  consistency,  the 
author  has  found  that  a  rammer,  not  too  heavy  to  be  handled  by 
one  man,  will  sufficiently  compact  the  mortar.  It  is  always  best, 
when  practicable,  to  cover  a  certain  area  with  a  second  layer  be- 
fore the  first  has  had  time  to  set,  as  the  layers  will  not  unite  or 
bond  to  each  other  as  well  after  the  under  layer  sets,  especially  if 
the  semi-fluid  cement  has  been  forced  on  top,  and  formed  an  im- 
perfectly setting  and  slimy  skim,  and  in  addition  there  is  danger  of 
loosening  the  coherency  of  the  under  layer.  If  a  layer  has  set,  it 
is  well  to  scratch  the  surface  if  found  smooth,  and  to  spread  over 
it  a  thin  layer  of  mortar  before  depositing  another  layer,  which 
should  be  at  least  12  inches  thick,  and  the  ramming  should  be  as 
light  as  is  consistent  with  compactness.     It  is  not  always  in  prac- 
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tice  possible  to  have  everything  in  perfect  condition,  or  to  do 
what  may  be  considered  absolutely  the  best  workmanship.  But 
our  aim  should  be  to  do  as  near  the  right  thing  as  circumstances, 
gaided  by  a  good  sound  judgment,  will  permit.  Frequently  on  top 
of  a  layer  of  concrete  one  or  even  two  man-stones  are  placed, 
and  over  and  around  these  the  second  or  an  upper  layer  is  placed 
and  rammed.  If  this  is  done,  the  stones  should  not  be  closer 
than  from  12  to  18  inches.  There  is  a  little  economy  in  this,  but 
otherwise  no  advantage. 

161.  Depositing  concrete  under  water  always  leaves  the  condi- 
tion of  the  mass  uncertain.  The  cement  is  likely  to  be  separated 
from  thid  sand,  and  both  to  a  greater  or  less  extent  from  the  stone; 
and  this  is  true  whether  it  be  poured  down  through  a  timber  shoot 
or  hollow  cylinder,  or  lowered  in  specially  designed  boxes  which  only 
open  when  the  bottom  is  reached.  In  the  lowering  water  is  likely  to 
force  its  way  into  and  upwards  through  the  concrete,  thus  washing 
out  the  cement;  and,  in  addition,  when  the  doors  are  opened  at  the 
bottom  the  concrete  falling  into  the  water  is  separated,  and  again 
the  cement  is  washed  out.  That  all  of  the  methods  are  used  and 
structures  built  on  them  stand,  does  not  disprove  the  above  statement. 
The  best  method  known  to  the  author  is  to  fill  sacks  from  two  thirds 
to  three  fourths  full  of  concrete  and  lower  these  into  the  water,  plac- 
ing them  side  by  side  and  in  Irjors  crossing  each  other,  sending  down 
divers  if  necessary  for  this  purpose.  If  this  cannot  be  done  deposit 
them  in  the  best  way  practiciible,  and  then  lower,  as  the  layers  are 
placed,  mortar  rich  in  cement  in  order  to  fill  around,  under,  and  over 
the  bags.  And  in  all  cases  or  by  whatever  means  the  concrete  is 
lowered,  it  should  be  allowed  to  take  an  initial  set,  losing  to  some 
extent  its  plasticity  before  being  lowered  through  the  water. 

162.  Uses  of  Concrete. — Concrete  has  been  extensively  used  for 
the  foundations  of  structures  of  all  kinds,  and  to  a  great  extent  for 
the  filling  or  backing  in  piers  and  over  arches.  It  can  be  made 
easily  and  readily  to  conform  to  the  inequalities  of  foundation-beds, 
avoiding  unnecessary  hammering  and  blasting.  It  furnishes  the 
most  satisfactory  means  of  enlarging  the  bases  of  foundations,  in 
order  to  reduce  the  unit-pressure  on  the  foundation-beds.  It 
affords  a  uniform  surface  upon  which  to  build  piers,  abutments,  walls 
of  houses  and  other  structures,  and  for  lining  cisterns,  cellars,  and 
reservoirs. 
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Entire  piers  and  abutments  may  be  built  of  this  material  with 
proper  'oare  and  using  the  best  cements.  It  is  used  in  filling  the 
air-chambers  of  pneumatic  caissons  and  the  cribs  abore.  It  can  be 
made  into  slabs  for  paving.  Drain  and  sewer  pipes  are  made  of  it. 
It  is  used  as  a  foundation  for  paving-blocks^  etc.,  etc. 


ART.  XVIL 

OTHER  ARTIFICIAL  STONES  OF  CEMENT  MORTAR.. 

163.  Beton  AGGLOMERE^or  Coignct-Beton,  is  an  artificial  sand- 
stone, in  which  a  large  proportion  of  sand  is  mixed  with  Portland 
cement  and  lime;  no  gravel  or  broken  stone  is  used.  It  is  made  by 
placing  the  cement  with  a  small  proportion — not  more  than  one  third 
of  its  volume — of  water  in  a  mill  and  mixing  until  a  plastic  paste  is 
formed.  Sand,  lime,  and  cement  in  the  proportions  of  1  cement,  1 
hydraulic  lime,  and  5  to  6  sand  are  used.  The  paste  first  formed  is 
mixed  with  the  perfectly  dried  sand  in  a  mill  until  a  pasty  powder 
is  formed ;  this  is  then  placed  in  strong  moulds  in  layers  from  2  to 
6  inches  in  thickness,  and  rammed  with  an  iron  rammer  until  the 
layers  are  reduced  to  about  one  third  of  their  original  thickness. 

The  upper  surface  is  smoothed  off  with  a  trowel  and  then  re- 
moved from  the  mould.  Small  blocks  can  be  handled  in  one  day; 
the  larger  ones  require  a  longer  time.  If  too  much  water  is  used, 
the  mixture  cannot  be  properly  rammed ;  if  too  little,  it  will  not  be 
sufiiciently  strong.  It  is  used  for  aqueducts,  bridges  and  piers, 
sewers,  cellars,  etc.  It  is  used  to  a  considerable  extent  in  Paris, 
France. 

Bansome'a  patent  stone  is  made  by  mixing  artificially  dried  sand 
with  silicate  of  soda  and  a  small  proportion  of  powdered  stone. 
These  are  thoroughly  mixed  in  a  pug-mill,  and  then  forced  into 
moulds.  The  blocks  are  then  turned  out  of  the  moulds,  and  a 
cold  solution  of  chloride  of  calcium  poured  over  them;  they  are 
then  immersed  in  a  boiling  solution  of  the  same,  under  pressure,  in 
order  to  fill  the  pores  with  the  solution.  The  chlorine  and  soda 
combine  to  form  chloride  of  sodium,  which  is  washed  out,  and  the 
silica  acting  on  the  calcium  forms  silicate  of  lime,  which  is  a  strong 
and  durable  cement,  holding:  the  hard  materials  together.    The 
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result  is  a  stone  as  hard  as  most  building-stones.  The  facility  with 
which  these  and  similar  stones  can  be  moulded  renders  them  suit- 
able for  many  purposes.  They  are  considered  by  some  as  good  as 
the  ordinary  limestones  and  sandstones  for  building.  Other  stones 
of  the  kind  differ  only  in  the  method  or  process  of  forcing  the 
calcium  solution  into  the  pores  of  the  mass. 

ASPHALTUM,  ASPHALT  MASTICS,  AND  COKCRETB. 

164.  Asphaltum  is  supposed  to  be  a  product  resulting  from  the 
decomposition  of  vegetable  and  mineral  substances.  Bitumen,  or 
mineral  pitch,  as  it  is  sometimes  called,  was  used  in  ancient  times 
as  a  cement,  and  was  obtained  from  the  surface  and  shores  of  the 
Dead  Sea.  It  is  found  in  various  degrees  of  consistency  or  firm- 
ness, and  is  of  a  black  or  brownish-black  color;  it  melts  a  little  below 
the  temperature  of  boiling  water,  and  burns  with  a  smoky  flame. 
Deposits  of  asphaltum  are  found  in  many  parts  of  the  world,  espe- 
cially in  tropical  regions,  and  in  varying  composition.  Large  and 
valuable  deposits  are  found  in  the  island  of  Trinidad,  W.  I.  It 
there  forms  a  lake  of  more  than  100  acres  in  area  and  of  unknown 
depth,  and  deposits  are  also  found  in  the  adjacent  country,  and  in 
Cuba,  Mexico,  and  Peru.  It  is  found  in  the  interstices  of  ancient 
rocks.  In  many  places  it  is  disseminated  through  limestones  and 
sandstones.  Below  a  temperature  of  50°  Fahr.  it  is  solid  and 
brittle;  from  50°  to  70°  it  is  soft  and  plastic;  from  70°  to  90°  it 
has  a  pasty  condition;  from  90°  to  120°  it  is  glutinous;  and  above 
120°  it  is  liquid.  It  is  a  compound  of  oxygen,  hydrogen,  and  car- 
bon. The  larger  proportion  ased  in  the  United  States  is  the  Trini- 
dad asphaltum.  There  it  is  mixed  with  vegetable  and  earthy  matter. 
When  liquefied  over  a  slow  fire  the  vegetable  matter  rises  to  the 
surface  and  is  removed;  the  earthy  matter  sinks  to  the  bottom, 
leaving  a  residue  of  about  52  per  cent  of  bitumen. 

Asphalt  is  a  mixture  of  pure  bitumen  and  silicious  or  calcare- 
ous substances,  and  may  be  either  natural  or  artificial.  The  natural 
asphalt  is  either  a  sandstone  or  a  limestone  combined  with  bitumen, 
and  is  called  and  known  as  bituminous  sandstones  or  bituminous 
limestones.  The  natural  asphalt  is  ground,  mixed  with  sand,  to 
which  more  bitumen  is  added,  and  then  run  into  moulds.  This 
mixture  is  known  as  mastic. 
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Artificial  asphalts  are  made  by  mixing  natural  bitumen  with 
crude  petroleum  in  the  proportion  of  about  100  parts  bitumen  to 
from  5  to  20  parts  of  petroleum.  This  mixture  is  known  as  asphalt 
cement.  Then  from  12  to  15  parts  of  this  is  mixed  while  hot  with 
from  60  to  83  parts  of  sand  and  from  5  to  30  parts  of  powdered  car- 
bonate of  lime.  This  material  is  usually  used  for  asphalt  pave- 
ments in  theUnited  States. 

The  prices  in  New  York  of  crude  Trinidad  asphaltum  were,  in 
1889, 113.00  per  ton;  for  the  refined,  |;30.00  per  ton;  hard  Cuban, 
$28.00  per  ton;  California  bituminous  rock  at  the  mines,  from 
12.50  to  $10.00  per  ton;  and  the  Kentucky,  $2.40. 

Good  mastic  should  be  proof  against  frost  and  damp;  tough,  not 
brittle,  and  not  inflammable.  It  should  stand  a  temperature  of 
from  140°  to  160°  Fahr.  without  softening,  and  should  not  become 
fluid  below  260°  Fahr. 

There  are  several  kinds  of  asphalt:  the  Seyssel,  found  in  the 
Jura  Mountains — this  contains  from  90  to  92  per  cent  carbonate  of 
lime  and  8  to  10  per  cent  of  bitumen;  the  Val  de  Travers,  found  in 
Switzerland,  containing  from  11  to  20  per  cent  of  bitumen;  and 
Trinidad  asphalt;  also.  Limner  asphalt,  from  Hanover. 

Coal- tar  pitch,  the  residue  obtained  by  distilling  coal-tar,  is 
sometimes  used  instead  of  bitumen  for  mixing  with  asphalt.  It  i^ 
brittle,  becomes  softer  when  heated,  and  is  easily  crushed. 

Patent  asphalt  or  mastic  is  water-proof,  fire-proof,  easily  ap- 
plied, and  slightly  elastic.  It  is  used  as  damp-proof  courses  of 
walls;  for  water-proof  courses  over  arches  and  on  flat  roofs;  for 
floors  of  cellars;  for  footpaths  and  streets;  surface  coats  for  car- 
riage-ways or  light  traflBc,  and  for  filling  the  joints  in  pavements 
of  stone,  as  it  prevents  the  penetration  of  water.  It  is  slippery  in 
wet  weather. 

PLASTER  AND  STUCCO. 

166.  Plaster  is  the  term  commonly  given  to  the  covering  of 
mortar  on  the  interior  walls  and  ceilings  of  houses. 

Plastering  is  usually  done  in  at  least  three  courses,  commonly 
known  as  the  scratch-coat,  brown-coat,  and  hard-finish,  respectively. 

The  first  or  scratch  coat  is  usually  a  pure  lime  mortar,  contain- 
ing a  large  proportion  of  sand,  and  mixed  with  a  certain  quantity 
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of  oj-hair  obtained  from  the  tanneries.  The  hair  should  be  long, 
free  from  grease  or  dirt,  beaten  so  as  to  straighten  and  separate 
the  hairs,  and  then  dried.  The  proportions  vary,  but  may  be 
taken  at  from  1  lb.  of  hair  to  2  cubic  feet  of  the  paste,  and 
sometimes  only  1  lb.  of  hair  to  3  cubic  feet.  After  being  mixed 
carefully,  so  as  not  to  break  the  hair  into  short  bits,  the  mixture 
should  stand  several  weeks  to  "  cool,"  or  thoroughly  slake  the  lime. 
When  properly  mixed  with  sufficient  hair,  a  stick  or  trowel  dipped 
into  the  mass  should  lift  out  a  perceptible  quantity  hanging  in  streaks 
from  it.  When  ready,  this  is  applied  on  the  open-work  lathing  of 
walls  and  ceilings;  the  portion  pressed  through  the  openings 
between  the  laths  swells  behind,  forming  a  key,  which  the  hair 
holds  to  the  surface  coat,  thus  bonding  the  whole  together.  This 
coat  is  subsequently  scratched  with  a  pointed  instrument,  and  when 
dry  enough  the  second  or  brown-coat  is  put  on,  bonding  and  keying 
into  the  first;  this  coat  does  not  need  so  much  hair.  Upon  this 
the  third  or  hard-finish  coat  is  placed,  which  is  a  paste  of  pure 
lime  carefully  prepared,  and  run  through  a  sieve  to  get  rid  of 
coarse  particles.  This  has  no  hair  in  it.  It  is  then  mixed  with 
plaster  of  Paris,  in  the  proportion  of  three  fourths  to  four  fifths 
lime  paste  and  one  fourth  to  one  fifth  plaster  of  Paris.  The 
plaster  of  Paris  causes  the  mixture  to  set  rapidly.  An  excess  of 
this  causes  the  coat  to  crack.  It  is  used  for  finishing  walls  and 
for  cornices. 

There  are  many  patent  plasters  used  by  architects.  Plaster  of 
Paris  is  produced  by  the  gentle  calcination  of  gypsum.  The  paste 
of  this  material  sets  in  a  few  minutes,  and  reaches  its  full  strength 
in  a  few  hours.  It  expands  in  volume  while  setting,  which  makes 
it  valuable  for  casts,  filling  small  holes,  and  sharp  angles;  and  it  is 
added  to  other  mortar  in  order  to  make  it  harden  rapidly.  It  is 
used  for  making  ornamental  finishes  for  walls  and  ceilings  by  the 
use  of  suitable  forms  or  moulds.  It  is  very  soluble  in  water,  and 
should  not  therefore  be  used  except  in  situations  free  from  moisture 
aud  dampness. 

There  are  several  so-called  artificial  marbles,  the  principal 
ingredient  of  which  is  usually  plaster  of  Paris,  mixed  with  various 
coloring  matters  dissolved  in  glue  or  isinglass,  or  with  fragments  of 
alabaster  or  colored  cement  intermixed.  This  is  used  for  walls, 
columns,  etc.,  in  order  to  give  a  finish  resembling  marble     This  is 


198  PLASTER,  STUCCO,  WHITING. 


called  Scagliola  marble.  Another  variety  is  the  Marezzo  marble. 
Neither  of  these  is  capable  of  standing  exposure  to  the  weather. 
There  are  other  artificial  marbles  not  using  plaster  of  Paris  as  a 
base.    These  may  or  may  not  stand  exposure. 

STUCCO. 

Stucco  is  the  term  applied  to  the  mortar  coverings  on  the  ex- 
terior of  walls,  and  is  used  to  protect  the  materials  of  the  wall  from 
the  usual  causes  of  disintegration  and  prevent  the  rain  from  pene- 
trating the  joints  in  masonry  walls;  also  to  give  a  smooth  finish, 
and  to  imitate  stone.  Portland  cement  and  sand  mortar  are  gener- 
ally used,  a  clean  white  sand  being  preferred.  Hydraulic  cement 
is  sometimes  used.  The  proportions  are  usually  1  cement  and  3 
sand.  A  rough  stucco  contains  a  larger  proportion  of  sand  and  of 
coarser  grains. 

V7HITBNING  AND   COLOEING. 

166.  Whitewash  is  simply  pure  white  lime  mixed  with  water* 
It  gives  a  clean,  fresh,  and  white  appearance  to  walls,  ceilings,  out- 
houses, and  fences.  For  sanitary  considerations  it  should  be  made 
of  hot  lime  and  applied  promptly,  as  it  then  adheres  better.  It  will 
not  stand  rain  for  any  great  length  of  time,  and  is  easily  rubbed 
off.  The  addition  of  1  lb.  of  pure  tallow  to  every  bushel  of  lime 
has  some  advantage.  For  outside  work,  put  half  a  bushel  of  lime 
in  a  water-tight  barrel,  pour  boiling-hot  water  over  it,  covering  it  five 
or  six  inches  deep,  and  stir  rapidly  till  well  slaked.  Dissolve  this 
in  water,  and  add  2  lbs.  sulphate  of  zinc  and  1  lb.  of  common  salt. 
This  prevents  cracking,  and  causes  the  wash  to  harden.  To  pro- 
duce the  following  colors,  add  to  each  bushel  of  lime  4  to  6  lbs.  of 
ochre  for  a  cream-color;  6  to  8  lbs.  amber,  2  lbs.  Indian-red,  2  lbs. 
of  lampblack,  for  fawn-color;  6  to  8  lbs.  raw  amber  and  3  or  4  lbs. 
lampblack  for  buff  or  stone  color. 

Whiting  is  jlure  white  chalk  ground  to  powder  and  mixed  with 
water  and  size  (glue).  It  will  not  stand  exposure  to  the  weather. 
Proportions,  6  lbs.  whiting  to  1  quart  of  strong  glue.  The  whiting 
is  first  covered  with  cold  water  for  six  hours,  then  mixed  with 
the  size  and  left  in  a  cold  place  until  it  turns  to  a  jelly.  It  can 
then  be  diluted  with  water  and  applied  to  the  ceilings  and  walls. 
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METALS. 

167.  The  metals  are  not,  with  few  exceptions,  found  in  the 
pure  metallic  state,  but  are  obtained  from  the  sulphides,  oxides,  or 
carbonates.     These  are  known  by  the  general  term  of  Ores. 

IRON. 

The  more  common  iron  ore  found  in  the  British  Isles  is 
clay  ironstone,  a  carbonate  found  in  great  abundance.  It  is  very 
impure,  containing  clay,  pyrites,  and  sulphur,  often  producing  only 
from  20  to  50  per  cent  of  iron,  but  is  lai*gely  used  on  account  of 
its  abundance  and  its  nearness  to  coal  and  limestone.  When  it  is 
colored  black  by  from  10  to  25  per  cent  of  bituminous  and  car- 
bonaceous matter  it  is  called  Blackbaud  ironstone.  It  is  easier  to 
smelt  on  account  of  these  impurities.  The  carbonate  of  iron  when 
pure  and  crystalline  is  called  Sparry  or  Spathose  iron  ore.  The 
carbonates  furnish  the  main  reliance,  though  the  red  and  brown 
hematites  are  also  used. 

In  the  United  States  the  following  are  largely  used : 

Bed  iron  ore,  a  peroxide  of  iron,  either  pure  or  mixed.  When  pure 
it  is  called  Specular  iron  ore,  or  Iron-glance.  When  nearly  pure  and 
found  in  kidney  or  globular  shaped  masses  with  fibrous  structure  it 
is  called  Bed  Hematite.  When  mixed  with  clay  and  sand  it  is 
called  Bed  Ironstone  and  Bed  Ochre.  The  purer  ores  produce 
from  50  to  70  per  cent  iron.  Many  of  these  are  valuable  for  making 
Bessemer  steel. 

The  Brown  iron  ore  is  hydrate  of  peroxide  of  iron.  When 
compact  and  nearly  pure  it  is  called  Brown  Hematite;  when 
earthy  and  mixed  with  clay.  Yellow  Ochre.  It  yields  from  50  to  60 
per  cent  of  iron. 

Magnetic  iron  ore  is  a  very  pure  oxide,  containing  over  70  per 
cent  of  iron. 

Native  iron,  supposed  to  have  fallen  from  the  heavens,  contains 
from  80  to  100  per  cent  of  iron.  It  is  combined  with  from  i  to  y^ 
part  of  its  weight  of  nickel.     It  is  very  rare. 
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Such  of  these  ores  as  contain  much  manganese  are  used  in 
the  manufacture  of  Spiegeleisen^  a  cast  iron  rich  in  carbon  and 
manganese. 

168.  The  extraction  of  iron  from  its  ores  is  effected,  by  the  pro- 
cess called  smelting,  in  a  large  vertical  furnace  of  masonry  or 
iron  lined  with  fire-brick.  In  some  cases  the  iron  ores  are  broken 
up  by  stamping  or  crushing,  and  washed,  generally  by  machinery, 
in  order  to  separate  the  lighter  impurities  or  earthy  matters  adher- 
ing to  them.  They  are  sometimes  heated  to  drive  off  the  moisture 
and  carbonic  acid,  leaving  oxide  of  iron  containing  earthy  and 
other  impurities.  The  ore  is  then  mixed  with  a  substance  called 
the  flux.  This  is  generally  an  earthy  substance,  which  will  com- 
bine more  readily  with  the  special  impurities  in  the  ore.  If  the 
"  gangue  "  or  impurities  of  ore  are  chiefly  clay,  limestone  is  added 
as  the  flux.  If  the  gangue  is  chiefly  quartz,  a  clayey  ore  and  lime- 
stone are  used  with  it.  If  the  gangue  is  limestone,  then  clay  or 
clayey  ores  are  added. 

The  furnace  should  be  partly  filled  with  fuel,  commonly  coke. 
After  the  furnace  is  heated  up  by  burning  this,  ore  mixed  with 
flux  is  thrown  in  from  the  top,  and  then  alternate  layers  of  fuel 
and  ore  with  the  flux  are  thrown  in.  It  will  not  be  necessary  to 
explain  the  chemical  combinations  which  take  place.  It  will  be 
sufficient  to  say  that  strong  blasts  of  air  are  forced  in  near  the  bot- 
tom to  support  the  combustion,  and  aid  in  the  other  processes 
which  take  place.  Either  a  "  cold  blast "  or  "  hot  blast  "  may  be 
used, — commonly  the  latter, — ^the  temperature  being  from  800**  to 
1400°  Fahr.  The  intense  heat  developed  causes  fusion  of  the 
substances.  The  molten  metal  sinks  to  the  bottom,  and  over  this 
is  collected  a  glassy  refuse,  composed  of  the  lighter  and  more  fusi- 
ble impurities,  also  containing  a  certain  quantity  of  the  iron. 
This  is  called  the  slag.  The  slag  is  drawn  off,  run  into  iron  carts 
or  cars,  and  can*ied  to  the  waste  or  dumping  grounds.  At  stated 
periods  the  molten  metal  is  also  drawn  off,  and  run  through 
trenches  made  in  a  previously  prepared  bed  of  sand.  These 
trenches  consist  of  one  large  main  trench  with  secondary  and 
somewhat  smaller  trenches  at  right  angles  to  it;  from  these,  on 
each  side,  branch  out  small  trenches  3  or  4  inches  deep,  and  2  to 
'  2i  feet  long.  These  smaller  trenches  filled,  the  run  from  the 
furnaces  is  stopped,  and  the  molten  iron  allowed  to  cool.    The 
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cooled  iron  is  easily  broken  into  bars  of  the  length  of  the  shortest 
trenches, — 2  to  2|  feet  long, — which  are  called  "pigs"  or  "pig 
iron/'    These  are  piled  np  for  shipment. 

169.  In  this  form  the  iron  is  sold  to  the  manufacturer,  and 
afterward  subjected  to  yarions  processes,  which  have  for  their 
object  either  to  reduce  or  entirely  remove  the  foreign  substances 
or  impurities,  such  as  carbon,  sulphur,  phosphorus,  silicon,  calcium, 
or  magnesium.  The  only  one  of  these  of  any  value  in  the  iron  is 
the  carbon.  All  of  the  others  are  either  useless  or  positively  in- 
jurious, even  in  exceeding  small  proportions,  except  as  hereafter 
noted.  Sulphur,  calcium,  and  magnesium  produce  ^'red-short" 
iron,  or  that  which  is  brittle  at  high  temperatures.  Phosphorus 
and  silicon  make  it  "cold-short,"  or  brittle  at  low  temperatures. 

The  pig  iron,  when  put  through  certain  processes  by  the  manu- 
facturer, results  in  the  production  of  three  classes  of  iron,  varying 
with  the  process  and  the  quantity  of  carbon  retained,  and  also 
with  the  relative  proportion  of  the  carbon  mechanically  mixed 
or  chemically  combined  with  the  iron.  These  products  are,  respec- 
tively,  cast  iron,  wrought  iron,  and  steel.  These,  although  they 
may  not  differ  materially  in  the  chemical  composition  of  their  con- 
stituents, and  pass  from  one  to  the  other  by  imperceptible  shades 
of  differences,  yet  within  the  limits  of  their  respective  classes  they 
differ  very  widely  in  their  general  characteristics  and  mechanical 
properties. 

PIG  IRON. 

170.  Pig  iron  is  classed  under  several  heads, 

Bessemer  Pig, — This  is  made  from  the  purer  hematites.  It 
should  contain  as  little  sulphur  or  phosphorus  as  possible.  A 
small  percentage  of  silicon  and  manganese  is  useful.  It  is  required 
for  conversion  into  steel  by  the  Bessemer  process. 

Foundry  Pig, — This  should  contain  a  large  proportion  of 
carbon  mechanically  mixed,  and  is  produced  with  a  high  tempera- 
ture and  much  fuel.  The  fracture  is  mottled  and  of  a  gray  color, 
dne  to  the  graphite  or  free  carbon. 

Forge  Pig, — This  should  only  contain  the  chemically  combined 
carbon.  It  is  not  suitable  for  castings,  being  mainly  useful  for 
conversion  into  wrought  iron.    The  fracture  is  of  a  white  color 
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with  little  lustre.  It  is  produced  under  a  low  temperature  and 
with  little  fuel. 

It  may  here  be  stated  that  the  properties  of  cast  iron  do  not 
depend  wholly  upon  the  absolute  quantity  of  carbon  contained,  but 
upon  the  condition  in  which  the  carbon  is  found ,  that  is,  whether 
mechanically  mixed,  as  free  carbon  or  graphite,  or  chemically 
combined. 

The  yarieties  containing  mainly  free  carbon  are  of  a  dark-gray 
color,  are  soft,  easily  fusible,  and  run  readily  into  moulds. 

Those  containing  mainly  chemically  combined  carbon  are 
not  mottled  with  black  specks,  are  of  a  white  color,  hard  and 
brittle,  and  do  not  fuse  easily,  but  become  pasty,  and  will  not  flow 
freely  in  moulds.  Galling  the  first  No.  1  and  the  second  No.  6,. 
the  intermediate  numbers  2,  3,  4,  and  5  gradually  pass  by  im- 
perceptible degrees  from  the  one  to  the  other. 

No.  1  contains  from  3  to  5  per  cent  of  carbon,  has  a  dark-gray 
color  and  high  metallic  lustre,  is  fusible,  and  very  valuable  for 
foundry- work.  No.  6  contains  about  5  per  cent  of  carbon — 4  per 
cent  in  chemical  combination;  is  white  in  color,  hard  and  brittle^ 
has  little  lustre,  and  is  only  used  for  the  manufacture  of  inferior 
grades  of  wrought  iron.  Nos.  4  and  5  also  are  used  only  in  the 
manufacture  of  wrought-iron  for  the  same  reasons  as  have  been 
given  for  No.  6. 

CAST  IRON. 

171.  Cast  iron  is  produced  by  remelting  the  foundry  pig  iron 
Nos.  1,  2,  and  3,  and  running  the  molten  metal  into  moulds.  It  i& 
often  purified  by  a  second  melting  in  a  cupola  with  a  little  addition 
of  limestone.     There  are  several  varieties  of  cast  iron  thus  produced. 

No.  1  cast  iron  fuses  easily,  runs  freely,  and  expands  lightly  at 
the  point  of  fusion  or  solidification,  which  adapts  it  for  making 
delicate  castings  and  those  having  sharp  angles.  But  it  is  soft  and 
wanting  in  strength,  and  is  not  therefore  suitable  for  large  and 
important  members  of  structures. 

No.  2  cast  iron  contains  less  free  carbon,  is  lighter  in  color, 
more  compact,  hard  without  brittleness,  strong,  and  durable,  and 
consequently  well  adapted  for  beams,  girders,  and  castings  to  bear 
weight. 
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No.  3  contains  still  less  free  carbon^  is  harder^  somewhat  more 
brittle^  and  is  employed  in  heavy  castings. 

White  cast  iron  contains  little  or  no  free  carbon^  is  very  hard 
and  brittle,  and  only  fit  for  the  most  ordinary  castings,  such  as 
weights  for  window-sashes. 

It  can  be  converted  into  gray  iron  by  melting  followed  by  slow 
cooling,  and  gray  cast  iron  can  be  converted  into  granular  white 
cast  iron  by  melting  and  sudden  cooling.  White  cast  iron  resists 
the  oxidizing  or  rusting  better,  and  is  not  so  soluble  in  acids. 

Where  it  is  advisable  to  form  a  skin  or  exterior  surface  which 
shall  be  yery  hard,  and  resist  the  destructive  effects  of  exposure,  as 
in  beams,  girders,  and  the  tires  of  wheels,  this  may  be  effected  by 
running  the  molten  metal  into  moulds  lined  with  cold  iron  coated 
with  loam.  The  outside  is  chilled  suddenly  and  converted  into 
hard,  brittle  iron,  whereas  the  remainder  of  the  casting  will  be  of 
strong  and  tough  gray  iron. 

Malleable  cast  iron  is  applied  to  a  cast  iron  from  which  a 
portion  of  the  carbon  has  been  extracted.  This  may  be  done  by 
imbedding  the  casting  in  hematite  ore  and  heating  to  a  bright-red 
heat.  The  casting  may  be  affected  entirely  through  or  only  for  a 
short  distance  from  the  surface.  It  is  somewhat  malleable.  It  is 
used  for  pokers,  tongs,  buckles,  gun-locks,  etc. 

Toughened  cast  iron  is  produced  by  melting  cast  iron  with  one 
fourth  to  one  seventh  of  its  weight  of  wrought  iron  scrap. 

172.  The  engineer  is  not  so  much  concerned  with  processes  of 
manufacture  and  methods  of  moulding  and  casting  as  he  is  with 
results.  And  while  he  should  know  the  general  properties  of  the 
materials  with  which  he  has  to  deal,  he  should  also  know  whether 
the  results  are  what  were  required  and  expected. 

It  is  far  better  to  specify  what  properties  the  material  should 
possess,  and  the  degree  of  perfectness  in  form,  solidity,  and  free- 
dom from  special  defects,  than  to  prescribe  modes  and  methods  of 
producing  these  results.  And  however  instructive  and  interesting: 
the  methods  of  producing  the  many  and  varied  castings  of  all 
kinds,  it  is  more  important  to  be  able  to  determine  their  good  and 
bad  features. 

To  examine  castings :  If  the  iron  is  of  good  quality  a  blow  on 
the  edges  with  a  light  hammer  should  make  a  slight  indentation  or 
impression.     If  hard  and  brittle,  fragments  will  be  broken  off.     Air- 
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bubbles  may  be  formed  if  the  air  and  gases  evolved  when  the 
hot  metal  is  poured  in  the  mould  cannot  escape;  and  pipes  and 
columns  should  be  cast  in  vertical  positions  so  as  to  let  air-bubbles 
rise  to  the  top;  moreover^  the  casting  will  be  more  compact. 

Flaws  and  air-holes  can  generally  be  detected  by  the  sound 
when  tapped  at  different  parts  of  its  surface. 

The  exterior  surface  should  be  smooth  and  uniform,  angles 
sharp  and  well  defined. 

Cast  iron,  though  strong,  hard,  and  durable,  is  often  injuriously 
affected  by  changes  of  temperature,  vibrations,  and  shocks  or 
blows.  It  is  difficult  to  detect  the  hidden  defects,  and  altogether 
it  is  an  uncertain  and  treacherous  material.  For  these  reasons  it  is 
rarely  if  ever  used  for  members  of  important  structures,  especially 
if  exposed  to  vibrations  and  shocks  under  changing  temperatures, 
but  is  largely  used  for  pipes,  columns,  beams,  girders,  etc.,  which 
carry  steady  and  permanent  loads.  Its  use  for  compression-mem- 
bers of  iron  bridges  is  almost  entirely  abandoned;  and  even  in 
details,  where  its  indestructible  qualities  combined  with  its  ability 
to  carry  heavy  weights  would  render  it  valuable,  its  use  is  almost 
prohibited. 

WROUGHT    IRON. 

173.  While  cast  iron  is  rich  in  carbon,  as  it  contains  from  2  to 
6  per  cent,  wrought  iron,  properly  speaking,  should  be  pure 
iron,  and  at  most  should  not  contain  more  than  0.15  per  cent  of 
carbon. 

Wrought  iron  may  be  produced  direct  from  the  ore,  but  is  com- 
monly obtained  from  forge  pig  or  the  harder  varieties  of  pig  iron. 
The  object  to  be  attained  is  the  removal  of  the  carbon,  phosphorus, 
silicon,  and  other  impurities.  The  conversion  is  made  by  the  pud- 
dling process.  The  iron  is  sometimes  put  through  the  refining 
process,  which  means  exposing  the  iron  in  a  melted  state,  and  sub- 
jecting it  to  currents  of  air.  The  oxygen  removes  a  part  of  the 
carbon  and  converts  the  silicon  into  silica,  which  forms  with  a  por- 
tion of  the  iron  a  fusible  slag,  which  flows  away.  Commonly  it  is 
placed  directly  in  a  reverberatory-furnace  and  puddled.  Puddling 
simply  means  bringing  the  melted  iron  into  close  contact  with  the 
air  by  stirring  with  a  rake.     The  molten  metal  is  at  the  same 
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time  mixed  with  oxidizing  substances^  such  as  hematite  ore,  some- 
times with  limestone  and  common  salt.  The  remainder  of  carbon 
and  silicon  are  oxidized  and  pass  off  in  the  slag.  As  the  iron 
becomes  purer,  it  also  becomes  less  fusible,  and  stiffens,  when  it 
can  be  rolled  into  balls,  or  loups,  or  blooms.  In  this  condition  it 
is  removed,  and  then  "shingled,'^  that  is,  subjected  to  blows  of  a 
tilt-hammer,  which  force  out  the  cinder  and  weld  the  particles  of 
iron  together.  The  red-hot  mass  is  passed  between  grooved  rollers, 
which  convert  it  into  bars  3  or  4  inches  wide,  |  to  1  inch  thick, 
and  10  or  12  feet  long.  The  puddled  bars  constitute  the  lowest 
grades  of  iron,  and  have  to  be  improved  by  piling,  reheating,  and 
rolling.  The  effect  of  rolling  is  to  produce  a  fibrous  structure; 
but  to  produce  the  best  iron  the  bars  have  to  be  cut  into  short 
lengths,  piled,  reheated,  and  rolled  several  times.  Each  piling  and 
rolling  improves  the  quality  of  the  iron.  It  will  not,  however, 
stand  too  many  rollings.  The  fifth  reheating  seems  to  be  the 
limit. 

Cold-short  iron,  due  to  the  presence  of  phosphorus,  is  brittle 
when  cold,  and  will  crack  if  bent  double.  It  can  be  worked  at 
high  temperatures.  Red-short  iron,  due  to  the  presence  of  sul- 
phur, will  crack  when  bent  at  a  red  heat,  but  has  considerable 
tenacity  when  cold.  It  cannot  be  welded.  It  is  tough  when  cold, 
and  is  used  for  tin-plate.  Copper,  arsenic,  and  other  impurities 
also  cause  red -shortness. 

There  are  no  very  simple  tests  of  the  quality  of  wrought  iron. 
If  a  bar  is  broken  suddenly,  it  will  have  a  crystalline  appearance 
on  the  fractured  surface;  if  gradually,  the  appearance  will  be 
fibrous.  Good  wrought  iron  should  always  be  fibrous.  The  break- 
ing-test is  therefore  no  criterion. 

By  varying  the  shape  and  the  application  of  the  force,  pieces 
cut  off  the  same  bar  will  present  different  appearances.  Again,  if 
the  pieces  be  too  small  or  too  thin  they  may  not  show  fully  the 
characteristics  of  the  larger  bar  from  which  they  are  taken. 

If  the  bending-test  is  applied,  the  angle  through  which  the 
same  quality  of  iron  should  bend  without  cracking  will  depend 
upon  the  thickness  and  mode  of  bending. 

Therefore,  since  wrought  iron  is  sa  extensively  used,  in  many 
important  structures  and  in  very  large  dimensions,  and  upon  the 
strength  and  uniformity  of  these  so  much  depends,  no  crude  or 
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imperfect  tests  should,  be  relied  upon.  After  explaining  the  sub- 
ject of  stresses  and  strains  and  their  relations^  the  proper  tests  to 
be  made  will  be  given  in  another  article  of  this  work.  It  will  be 
sufficient  here  to  say  that  good  wrought  iron  should  have  a  clear 
gray  color,  metallic  lustre,  and  fibrous  appearance.  It  should 
have  a  high  tensile  strength,  be  tough  and  ductile,  and  uniform 
throughout,  and  when  cold  should  bend  through  many  degrees 
without  cracking.  But  to  determine  these  qualities  requires  care- 
ful and  accurate  means  of  applying  the  tests  and  estimating  how 
near  the  results  conform  to  the  requirements  of  the  best  engineering 
practiccc 

Wrought  iron  can  be  rolled  into  a  great  variety  of  shapes,  but  it 
is  generally  better,  where  complicated  forms  are  required,  to  build 
them  of  plates,  and  so  with  the  other  simpler  forms.  These  matters 
will  be  discussed  in  another  article. 


STEEL. 

174.  Steel,  as  we  have  seen,  is  intermediate  in  chemical  com- 
position between  cast  iron  and  wrought  iron.  Cast  iron  contains 
from  2  to  6  per  cent  of  carbon,  steel  from  0. 15  to  2  per  cent,  and 
wrought  iron  from  zero  to  0.15  per  cent. 

Any  such  classification,  however,  is  vague  and  unsatisfactory. 
A  classification  based  upon  tensile  strength  and  ductility  has  been 
proposed.  For  example,  any  iron  giving  a  tensile  strength  over 
40,000  pounds  per  square  inch  shall  be  called  steel,  and  any  falling 
below  this  limit  is  termed  wrought  iron;  and,  again,  to  include 
under  "the  general  denominatipn  of  cast  steel  all  compounds  con- 
sisting chiefly  of  iron  which  have  been  produced  through  fusion 
and  are  malleable.*'  This  ^oes  not  exclude  from  the  denomination 
of  steel  such  materials,  though  not  produced  by  fusion,  but  which 
are  capable  of  tempering,  such  as  shear,  blister,  and  puddled  steels; 
nor  does  it  interfere  with  the  distinctions  between  cast  steel  pro- 
duced by  diflterent  methods,  as  pot  steel,  Bessemer  steel,  or  open- 
hearth  steel;  and,  finally,  "iron  containing  a  small  percentage  of 
carbon,  the  alloy  having  the  property  of  taking  a  temper,"  is 
steel. 

The  material  known  as  steel  depends  on  its  composition,  the 
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methods  or  processes  of  production,  and  also  upon  certain  dis- 
tinctive qualities  and  characteristics. 

If  the  iron  does  not  contain  more  than  from  0. 15  to  0.45  per 
cent  of  carbon,  it  is  called  soft  steel;  if  from  0.45  to  0.55  per  cent, 
an  intermediate  or  mild  steel;  and  if  from  0.55  to  1.50  per  cent, 
hard  steel.  When  the  carbon  exceeds  1.50  per  cent  the  steel  be- 
comes harder,  but  loses  its  tenacity  and  welding  properties;  and 
when  it  reaches  2.0  per  cent  the  metal  cannot  be  drawn  out  under 
the  hammer  without  cracking  and  breaking.  It  is  or  has  passed 
into  a  cast  iron. 

Within  the  aboye  limits,  the  larger  the  proportion  of  carbon 
the  harder,  stronger,  more  brittle,  and  more  easily  melted  will  the 
steel  become.  The  less  carbon  contained,  the  tougher,  more  easily 
welded  and  forged  will  it  be,  but  weaker  in  tenacity. 

175.  In  general  terms,  steel  is  produced  either  by  adding  carbon 
to  wrought  iron,  or  by  partly  removing  carbon  from  pig  iron,  the 
product  containing  the  proper  proportion  of  carbon.  Steel  is 
made  by  many  processes,  of  which  the  following  varieties  are  the 
most  important: 

Blister  steel  is  made  by  the  process  called  cementation,  in 
which  bars  of  the  purest  wrought  iron  are  imbedded  between 
layers  of  charcoal-powder,  and  subjected  to  a  high  temperature 
during  a  period  of  one  to  two  weeks,  depending  on  the  quality  of 
steel  required.  It  cannot  be  used  for  ordinary  forging  nor  for 
making  cutting-tools,  but  may  be  used  for  facing-hammers  and 
other  similar  purposes.  It  principal  use,  however,  is  for  making 
other  varieties  of  steel. 

Shear-steel  is  made  by  taking  the  bars  of  blister-steel, — which  is 
in  fact  only  steel  for  a  certain  depth  below  the  surface,  and  a 
material  between  steel  and  wrought  iron  in  the  central  portions, — 
and  breaking  them  into  short  lengths;  these  are  then  piled  into 
bundles,  sprinkled  with  sand  and  borax,  and  while  at  a  welding-heat 
are  rolled  or  hammered  until  the  composition  and  texture  are  found 
to  be  uniform.  The  hammering  and  heating  should  be  repeated. 
The  first  produces  single-shear  steel;  the  second,  double-shear 
steel. 

It  is  used  for  such  tools  as  large  knives,  scythes,  etc.,  requiring 
toughness  but  no  great  hardness.    It  is  capable  of  being  welded,  is 
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more  malleable  and  tougher^  and  will  take  a  higher  polish  and  a 
finer  edge  than  blister-steel. 

Cast  steel  may  be  produced  by  melting  fragments  of  blister- 
steel  in  covered  fire-clay  crucibles,  and  running  the  molten  metal 
into  iron  moulds.  Crucible-steel  is  now  largely  produced  direct 
from  bars  of  the  best  wrought  iron  made  from  the  purer  mag- 
netic ores.  The  bars  are  cut  into  lengths  and  placed  in  crucibles, 
together  with  the  required  proportion  of  carbon  to  produce  the  de- 
sired grade  of  steel.  Spiegeleisen  or  oxide  of  manganese  is  subse- 
quently added. 

Cast  steel  is  the  strongest,  purest,  and  most  uniform  steel  that 
is  made.  It  is  hard  and  compact  If  raised  beyond  a  red  heat  it 
becomes  brittle.  It  cannot  be  welded.  It  is  used  for  the  finest 
cutlery,  and  for  all  steel  cutting  implements  when  great  hardness 
is  required. 

Heath's  process  consists  in  adding  to  the  molten  metal  a  small 
quantity  of  carburet  of  manganese.  The  resulting  product  has  a 
greater  tenacity  at  high  temperatures,  and  it  becomes  capable  of 
being  welded  to  other  portions  of  the  same  material  or  to  wrought 
iron.  Other  modifications  of  this  process  are  Heaton's  and 
Mushet's. 

176.  Hie  Bessemer  Process, — In  this  well-known  process  pig 
iron  of  a  dark-gray  color,  containing  a  large  proportion  of  carbon, 
with  but  small  percentage  of  silicon  and  manganese  and  practi* 
cally  no  sulphur  and  phosphorus,  is  melted  in  a  cupola,  or  carried 
direct  from  the  blast-furnace  and  run  into  a  converter,  which  is  a 
pear-shaped  iron  vessel  lined  with  fire-brick.  While  in  the  con- 
verter  a  strong  blast  of  air  is  forced  through  the  molten  metal  for 
a  period  of  about  twenty  minutes.  The  color  of  the  fiame  indicates 
to  the  experienced  eye  when  all  of  the  carbon  is  removed,  or  more 
accurately  determined  by  means  of  a  spectroscope.  Then  from  5  to 
10  per  cent  of  spiegeleisen  is  added.  The  air-blast  is  again  started 
in  order  to  thoroughly  incorporate  the  two  metals.  The  steel  is 
then  run  into  ladles  and  thence  into  the  moulds.  The  ingots  thus 
obtained  are  not  as  compact  as  required,  but  are  rendered  so  by 
proper  hammering.  They  are  then  rolled  into  the  desired  sizes  and 
shapes  for  use.  This  steel  is  used  for  the  members  of  roof  and 
bridge  trusses,  for  boiler-plate,  rollers  for  the  ends  of  bridge  trusses 
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to  rest  upon,  called  expansion-roller  a;  for  rails,  tires  for  wheels  of 
railway-cars,  and  for  some  forms  of  catlery,  hatchets,  hammers,  etc. 

The  Thomas-Gilchrist  process,  known  as  the  basic  method,  is 
similar  to  the  preceding.  The  converters  are,  however,  lined  with 
a  magnesian  limestone  or  some  refractory  substance  which  contains 
practically  no  silica.  Lime  having  been  added,  the  air-blast  is 
turned  on.  In  this  process  not  only  the  silicon  and  carbon  are 
removed,  but  also  the  phosphorus.  Ores  containing  even  large 
proportions  of  phosphorus  can  be  used  in  the  manufacture  of 
steel. 

In  the  Siemens  Process  pig  iron  and  ore  are  fused  on  the 
open  hearth  of  a  regenerative  gas-furnace.  The  pig  iron  is  first 
melted  and  raised  to  a  temperature  which  will  melt  steel ;  rich  and 
pure  ore  and  limestone  are  added  gradually.  The  chemical  reac- 
tions convert  the  silicon  into  silicic  acid,  which  forms  a  fusible  slag 
with  the  lime,  and  the  carbon  passes  off  as  carbonic  acid.  A  modi- 
fication of  this  process  consists  in  treating  the  iroa  ore  in  a  rotary 
furnace  with  carbonaceous  matter,  by  which  both  phosphorus  and 
sulphur  are  removed,  thereby  producing  a  high  grade  of  steel. 

ne  Siemens-Martin  Process. — In  this  process  a  bath  of  highly 
heated  pig  iron  is  prepared  in  a  furnace,  and  three  or  four 
times  its  weight  of  scrap  iron  or  steel  are  added  and  dissolved  in  the 
bath,  with  enough  ore  to  reduce  the  carbon  to  about  0.1  per  cent. 
The  furnace  then  contains  a  fluid  malleable  iron,  to  which  is  added 
silicious  iron,  spiegeleisen,  or  ferro-manganese  in  such  proportions 
as  experiment  and  experience  indicate  are  necessary  to  produce  a 
steel  of  the  requisite  hardness.  The  metal  is  then  run  or  forced 
into  the  ingot-moulds. 

It  is  used  in  ship-building,  for  rails,  tires,  boilers,  bridges,  and 
roofs. 

There  are  many  other  processes  and  corresponding  grades  of 
steel  produced. 

The  general  term  mild  steel  may  be  taken  as  applying  to  all 
iron  containing  from  0.2  to  0.5  per  cent  of  carbon,  When  a  larger 
percentage  of  carbon  is  present  it  is  called  hard  steel. 

Mild  steel  is  more  uniform  in  texture  than  wrought  iron,  and 
stronger  and  superior  in  most  respects.  It  will  weld ;  is  used  for  rails, 
spades,  hammers,  etc.;  and  when  made  by  the  Bessemer  and  Sie- 
mens-Martin processes  is  used  for  boiler-plates  and  ship-building. 
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CHABACTERISTICS  OF  STEEL. 

177.  Harde7iing  Steel, — If  steel  when  at  a  red  heat  be  suddenly 
cooled  it  becomes  very  hard,  and  the  more  suddenly  it  is  cooled  the 
harder  it  will  be.  It  may  be  plunged  in  water  or  oil.  But  it  is 
made  very  brittle  at  the  same  time,  and  in  order  to  give  it  the 
toughness  required  for  most  purposes  it  must  be  tempered. 

Tempering  Steel, — If,  after  hardening,  steel  be  reheated,  the 
hardness  diminishes  as  the  heat  increases.  If  then  it  is  desired  to 
have  specified  toughness,  and  hardness  without  brittleness,  it  is 
gradually  reheated,  and,  when  it  reaches  a  temperature  which  ex- 
periment and  experience  have  shown  will  produce  the  desired 
degree  of  hardness,  it  is  cooled  suddenly.  It  also  changes  color  as 
it  is  heated,  owing  to  the  formation  of  a  thin  film  of  oxide,  which 
is  indicative  of  the  temperature  attained.  A  simple  and  good 
example  of  the  application  of  these  processes  is  the  following: 

If  a  mason  desires  to  temper  his  tools,  he  heats  the  point  or 
cutting-edge  to  a  bright-red  heat,  and  then  hardens  it  by  dipping  the 
point  into  cold  water.  Having  cleaned  ofi'  the  scale  thus  formed, 
he  allows  the  point  to  be  reheated  by  conduction  from  the  main 
body  of  the  tool,  which  was  not  cooled,  and  when  the  temperature 
of  the  point  or  cutting-edge  has  reached  the  proper  point  as  indi- 
cated by  the  color,  he  suddenly  plunges  the  entire  body  into 
cold  water,  and  moves  it  about  until  the  heat  has  been  entirely 
removed. 

If  the  tool  after  heating  is  allowed  to  cool  in  the  air  more  or  less 
slowly,  a  softer  degree  of  temper  is  secured. 

In  hardening,  the  metal  must  not  be  overheated  before  plung- 
ing into  the  cooling  substance.  A  low-red  heat  will  in  general  be 
sufficient.  Cast  steel,  if  overheated,  becomes  permanently  brittle 
or  is  otherwise  injured. 

When  the  entire  mass  of  any  article  or  bar  is  to  be  tempered,  it 
may  be  either  cooled  suddenly  or  allowed  to  cool  in  the  air;  but 
when  only  a  portion  of  it  is  to  be  tempered  by  the  conduction  of 
heat  from  another  portion  of  the  body  the  method  previously  de- 
scribed must  be  followed. 

When  toughness  and  elasticity  rather  than  hardness  are  de- 
sired, oil  is  used  for  cooling  both  in  hardening  and  tempering. 
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The  temperature  of  the  cooling  liquid  may  be  regulated  to  suit  the 
purpose  desired  to  be  accomplished.  Cooling  in  oil  can  be  better 
regulated  than  in  water,  as  the  oil  will  not  cool  so  rapidly. 

Annealing  is  a  term  applied  when  the  hardened  steel  is  raised 
to  a  red  heat  and  then  allowed  to  cool  gradually,  by  which  process 
the  steel  regains  its  original  softness. 

Case-hardening  is  applied  to  a  process  by  which  the  exterior 
portions  of  wrought  iron  may  be  converted,  to  a  depth  of  from  ^ 
to  f  inch,  into  steel,  the  iron  combining  the  toughness  of  the 
interior  portion  with  the  hardness  and  resistance  to  wear  of  the 
steel  coating.  Gun-locks,  keys,  and  similar  articles  requiring 
toughness  combined  with  a  hard  surface,  are  case-hardened. 

Steel  can  be  distinguished  from  wrought  iron  by  placing  a  drop 
of  dilute  nitric  acid  upon  it.  If  a  dark-gray  stain  is  produced  it  is 
steel. 

178.  There  are  no  simple  and  reliable  tests  of  the  useful  and 
important  properties  of  steel,  and,  as  in  the  case  of  wrought  iron, 
we  must  subject  it  to  certain  careful  and  specified  tests  to  deter- 
mine its  suitableness  for  any  proposed  purpose.  This  will  be  ex- 
plained in  another  article. 

The  fracture  of  steel  does  not  necessarily  indicate  its  quality. 
If  the  steel  is  low,  or  if  some  of  the  high  grades  are  thoroughly  an- 
nealed, the  fracture  is  fine  and  silky,  provided  it  has  been  pro- 
duced gradually.  In  other  cases  the  fractured  surface  may  be 
partly  granular  and  partly  silky,  or  entirely  granular.  In  any  case 
a  sudden  fracture  may  produce  a  granular  appearance. 


ABT.   XIX. 

COPPER. 

179.  The  peculiar  red  color  of  copper  is  well  known.  The 
metal  is  very  malleable,  and  can  be  hammered  or  rolled  into  thin 
sheets  and  drawn  out  into  wire. 

Copper  has  less  tenacity  than  wrought  iron,  but  is  superior  to  all 
other  metals  in  this  respect.  It  is  not  as  ductile  and  cannot  be 
drawn  into  as  fine  wires  as  wrought  iron.  It  cannot  be  welded. 
It  may  be  worked  either  cold  or  hot.    It  oxidizes  slowly  in  air,  be- 
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coming  covered  with  a  thin  film  of  the  carbonate^  called  verdigris. 
This  protects  it  from  further  oxidation.  It  is  corroded  by  salt 
water  when  it  is  exposed  to  the  air. 

It  is  used  for  slate  nails^  water-pipes  and  gutters^  roofs^  light- 
ning-rods, wires  for  various  purposes,  and  especially,  in  very  large 
quantities,  for  the  conducting  wires  in  electric  lighting  and  trans- 
mission of  power,  from  ^  to  J,  and  even  i  inch  in  diameter, 
usually  insulated  with  a  rubber  or  some  other  insulating  cover. 

Ores. — The  more  common  ores  are  the  gray  and  red,  copper 
pyrites,  and  copper-glance.  The  metal  is  obtained  from  these  by 
roasting,  calcining,  and  refining,  and  melting  them  with  suitable 
fluxes.  The  forms  used  are  sheet  copper,  designated  by  the  thick- 
ness, and  in  the  form  of  wire,  described  as  the  BWG  or  Birming- 
ham gauge,  or  the  SWG  or  standard  wire-gauge.  Sheet  copper 
is  designated  by  the  weight  per  superficial  foot. 

LEAD. 

180.  Lead  is  soft,  heavy,  malleable,  and  fusible,  and  is  wanting 
in  elasticity  and  strength.  Sheet  lead  is  either  cast  or  rolled,  the 
latter  in  thinner  sheets  than  the  former.  When  exposed  to  air  or 
water  a  thin  film  of  oxide  is  formed.  This  protects  it  from  further 
oxidation,  unless  some  acid  or  other  substances  dissolve  the 
oxide.  It  is  used  for  pipes,  tanks,  roofs,  for  holding  iron  cramps 
into  masonry,  and  for  distributing  the  pressure  between  arch-stones, 
as  cushions  when  testing  stones  by  crushing,  and  for  distributing 
.heavy  weights  on  their  supporting  beds.  White  lead,  the  basis  of 
pMnts,  is  prepared  from  it. 

There  is  much  difference  of  opinion  in  regard  to  the  use  of  lead 
pipes  for  carrying  water  for  drinking  purposes.  It  is  claimed 
that  only  the  purest  waters,  or  those  containing  only  organic  matter 
or  sewage-polluted  waters,  act  upon  and  are  poisoned  by  lead.  The 
pure  or  soft  waters  seems  to  require  the  presence  of  much  air  in 
order  to  act  on  the  lead  and  become  poisoned,  and  lead  pipes  should 
not  be  used  for  carrying  rain-water,  or  for  roofs  when  the  water- 
supply  is  collected  from  them. 

The  hard  waters,  or  those  containing  carbonate  of  lime  and 
also  phosphate  of  lime,  do  not  act  upon  the  pipes,  sometimes  even 
forming  a  coating  which  protects  it. 


OOPPEB.  213 


Ores. — Lead  is  obtained  principally  from  the  sulphide  called 
galena,  by  roasting  or  smelting  in  a  reverberatory-farnaoe. 

ZINC. 

181.  Zinc  is  easily  acted  upon  by  moist  air.  The  oxide  formed 
protects  it  from  further  oxidation.  If  the  air  contains  an  acid,  as 
in  large  towns  and  near  the  sea-coast,  it  is  destroyed.  It  ia  easily 
fusible.  Cast  zinc  is  brittle.  It  becomes  malleable  at  about  290*^ 
Fahr.,  and  can  be  rolled  into  sheets  which  remain  malleable.  At 
a  red  heat  it  takes  fire  and  blazes  up.  It  should  not  be  used  in 
contact  with  iron,  copper,  or  lead,  as  voltaic  action  is  set  up,  espe- 
cially when  moisture  is  present,  destroyiug  the  zinc;  nor  should  it 
be  in  contact  with  lime  or  water  containing  lime,  or  such  timber  as 
oak,  which  contains  an  acid.  It  expands  and  contracts  under 
changes  of  temperature  to  a  greater  extent  than  any  other  metal. 
This  must  be  allowed  for  in  zinc  roofs. 

Zinc  is  used  for  coating  iron,  which  is  then  called  galyanized 
iron;  also  for  light  gutters  and  pipes, and  for  roofs  and  ventilators. 
The  oxide  is  used  as  a  basis  for  zinc  paints.  * 

Sheet  zinc  of  good  quality  is  tough,  bends  without  cracking, 
and  should  have  a  uniform  color. 

Ores. — The  metal  is  obtained  from  the  carbonate,  the  sulphide, 
and  the  red  oxide.  The  ore  is  roasted,  mixed  with  charcoal,  and 
heated  in  retorts.  It  is  converted  into  vapor,  which  is  condensed 
and  subsequently  fused. 

TIK. 

188.  Tin  is  very  soft  and  malleable,  is  of  low  strength  and  duc- 
tility, resists  oxidation  better  than  any  of  the  metals  except  gold 
and  silver,  and  fuses  at  a  low  temperature. 

It  combines  readily  with  iron.  Tin-plate  is  prepared  by  im- 
mersing well-charred  sheets  of  iron  in  melted  tin.  The  iron  is 
coated  with  an  alloy  of  iron  and  tin,  passing  into  pure  tin  at  its 
outer  surface,  and  is  used  for  roof -coverings,  rain-pipes,  and  the 
common  house  utensils.  Such  plates  are  durable  until  a  hole  is 
made  in  the  covering,  when  galvanic  action  sets  up  between  the 
tin  and  the  iron.     The  tin  is  then  rapidly  eaten  away.     Block-tin 
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or  doubles'has  a  thicker  coating  of  tin.  It  is  used  for  the  best  tin- 
ware. Pure  block-tin  is  seldom  used  for  building  purposes. 
Crystallized  tin-plate  is  made  by  heating  ordinary  tin  plate  with 
hydrochloric  and  nitric  acids,  which  give  it  a  variegated  appear- 
ance. Tinned  copper  is  also  used  for  kitchen  utensils.  The 
metal  is  obtained  from  the  binoxide  and  tin-pyrites  ores,  roasted, 
washed,  mixed  with  flux,  and  smelted  in  a  reverberatory-furnace. 
The  liquid  is  run  into  a  basin,  and  thence  into  moulds.  The 
ingots  are  refined  and  boiled. 

ALLOYS. 

183.  Alloys  are  produced  by  melting  two  or  more  metals 
together.  They  seem  to  be  something  more  than  nfechanical  mix- 
tures, often  being  harder  than  either  of  the  metals,  and  possessing 
different  properties. 

Speculum  metal,  for  example,  formed  of  two  parts  of  copper 
with  one  of  tin,  is  very  hard  and  brittle.  Copper  and  tin  are  both 
malleable. 

Brass  is  an  alloy  composed  of  copper  and  zinc.  It  is  tough,, 
fusible,  but  weaker  than  copper. 

Bronze  is  an  alloy  composed  of  copper  and  tin.  It  is  harder 
than  copper.  The  hardness  increases  with  the  proportion  of  tin 
up  to  a  certain  point.  Gun  and  bell  metal  are  also  alloys  of  copper 
and  tin,  and  are  harder,  stronger,  and  more  fusible  than  copper. 
The  proportions  of  the  elements  vary. 

Pewter  is  an  alloy  of  tin  and  lead.  It  is  used  for  cups,  spoons, 
and  other  similar  purposes. 

Solder  is  a  name  given  to  a  number  of  different  allojrs,  and 
is  principally  used  for  making  joints  between  sheets  or  bars  of 
metals.  The  solder  forms  a  second  alloy  with  the  pieces  united. 
It  must  be  more  fusible  than  the  metals  to  be  joined.  Hard  solders 
are  those  that  only  fuse  at  a  red  heat.  Soft  solders  fuse  at  a  low 
temperature.  The  hardness  and  malleableness  should  be  nearly 
equal  to  that  of  the  metals  to  be  united. 

Hard  solder,  made  of  copper  and  zinc,  is  used  to  make  joints  in 
iron,  copper,  brass,  etc.  Silver  solder  is  composed  of  silver  and 
copper,  and  is  used  for  the  finer  and  neater  joints  in  the  above- 
named  materials. 


•       PAINTS  AND  VARNI8HB8.  215 

Soft  solders  are  composed  of  tin  and  lead^  and  are  used  for 
joints  in  lead,  thin  sheets  of  tinned  iron,  zinc,  copper,  and  other 
metals.  Boxaz  and  several  other  fluxes  are  used  for  hard  soldering, 
and  for  soft  soldering  several  substances,  depending  on  the  metals 
to  be  united,  commonly  resin. 

The  tensile  strength  of  an  alloy  is  generally  greater  than  that 
of  either  of  the  metals. 

If  the  metals  have  different  specific  gravities,  they  must  be 
stirrevi  while  melted  to  produce  a  homogeneous  compound. 

The  more  infusible  of  the  metals  should  be  melted  first,  and 
the  others  then  added. 

The  specific  gravity  of  an  alloy  is  seldom  equal  to  the  average 
of  that  of  the  metal  composing  it. 


AET.  XX. 

PAINTS  AND  VARNISHE& 

■ 

184.  Paints. — These  consist  of  a  base,  usually  a  metallic  oxide; 
a  vehicle;  and,  lastly,  a  solvent. 

Bases :  White  lead,  red  lead,  zinc  white,  oxide  of  iron. 

Vehicles:  Water,  oil,  spirits  of  turpentine. 

Solvents:  Spirits  of  turpentine. 

In  most  cases  a  drier  is  used  in  order  to  make  the  vehicle  dry 
more  rapidly;  and  if  the  finished  color  desired  is  different  from 
that  of  the  base,  coloring  pigments  are  used.  These  are  commonly 
called  stainers. 

Driers  are  red  lead,  litharge,  acetate  of  lead,  sulphate  of  zinc, 
binoxide  of  manganese,  etc. 

Stainers  are  ochres,  lampblack,  umber,  sienna,  indigo,  PiTissian 
blue,  yellow  ochre,  chrome  yellow,  red  lead,  carmine,  vermilion, 
Indian-red,  Venetian-red,  lake,  and  orange.  The  green  stainers 
are  made  by  mixing  yellow  and  blue,  but  these  are  not  as  durable 
as  those  obtained  from  copper,  arsenic,  etc. 

White  lead  is  the  most  useful  and  common  base  used.  It  is 
permanent,  has  good  body,  and  is  dense.  It  is  especially  useful 
for  painting  surfaces  of  wood.  It  should  be  pure.  There  are 
many  impurities  and  adulterations  found  in  it.    Sulphate  of  bnrvta 
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is  the  more  common  adulterant.  It  absorbs  but  little  oil,  and 
can  often  be  detected  by  the  gritty  feeling  when  rubbed  between 
the  fingers.  By  treating  the  dry  substance  (after  removing  the  oil) 
with  nitric  acid  and  boilings  the  white  lead  dissolyes^  the  baryta 
is  insoluble^  and  remains,  it  can  then  be  washed,  dried,  and 
weighed. 

White  lead  can  be  used  as  the  base  of  paints  in  all  colors.  It 
is  improved  by  keeping.  It  is  sold  either  dry  in  powder  or  ground 
into  a  paste  with  from  7  to  9  per  cent  of  linseed-oiL  Fresh  white 
lead  has  a  yellowish  tinge.  White  lead  is  a  carbonate.  When 
heated  on  a  glass  plate  it  turns  yellow.  It  is  unhealthy  to  those 
handling  it.  It  blackens  on  exposure  to  sulphur  acids.  It  is 
probably  the  best  of  the  paints  for  covering  surfaces  of  wood. 

Red  lead  is  an  oxide  of  lead  known  as  minium.  When  ground 
by  itself  in  oil  or  varnish  it  is  durable,  and  retains  its  color  unless 
it  contains  preparations  of  lead  or  metallic  salts.  Brick-dust  is 
often  an  adulterant.  This  can  be  detected  by  heating  the  red  lead 
and  treating  it  with  nitric  acid.  The  lead  will  be  dissolved,  the 
powdered  brick  will  not.  Sesquioxide  of  iron  is  also  used  as  an 
adulterant.  Bed  lead  is  used  for  painting  iron,  as  the  priming- 
coac  for  wood,  and  as  a  drier. 

Sulphide  of  antimony  is  used  as  a  substitute  for  lead.  It  is 
durable  and  permanent  in  color,  and  can  be  mixed  with  white  lead. 

185.  Oxide  of  zinc  is  the  basis  of  the  zinc  paints.  It  is  want- 
ing in  body  and  density;  it  does  not  combine  so  freely  with  oil,  and 
consequently  has  not  the  same  covering  power.  It  is  more  difficult 
to  work,  and  dissolves  in  hydrochloric  acid,  but  does  not  blacken 
when  exposed  to  sulphur  acids,  nor  is  it  injurious  to  the  workmen. 
It  weathers  badly,  as  carbonic  acid  dissolves  the  oxide.  It  is  also 
acted  upon  by  the  acids  contained  in  unseasoned  wood.  When  ex- 
posed to  sulphurous  vapors  it  should  not  be  mixed  with  driers  con- 
taining lead.  Sulphate  of  manganese  or  zinc  should  then  be  used  as 
driers.     It  is  durable  in  oil  and  water. 

186.  Oxide  of  iron  is  used  as  the  basis  of  many  important  and 
useful  paints,  which  are  free  from  injurious  constituents  such  as 
are  found  in  lead  paints.  They  arc*  especially  recommended  for 
painting  ironwork.  If  the  iron  is  rusty  the  rust  is  absorbed  by 
the  paint.  Their  covering  power  is  great;  for  equal  weights  they 
cover  a  greater  surface  thau  the  lead  paints. 
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They  must  be  made  from  the  sesquioxide  or  red  oxide  of  irou. 
One  pound  of  the  oxide  paint  mixed  with  two  thirds  oxide  and  one 
third  linseed-oil  should  cover  21  square  yards  of  sheet  iron.  There 
are  many  varieties  of  these  paints. 

Torbay  paint  contains  from  50  to  65  per  cent  of  oxide  of  iron 
combined  with  35  to  50  per  cent  of  silicious  matter;  brownish,  red, 
and  black  are  the  usual  colors.  It  is  especially  useful  in  painting 
ironwork,  is  durable,  weathering  well,  and  is  not  injured  by  fumes 
from  manufactories.  There  are  many  other  varieties  of  silicious 
paints  which  are  considered  valuable.  They  will  cover  nearly 
double  the  surface  the  same  weight  of  white  or  red  lead  paints. 

Bituminous  paints  made  from  vegetable  bitumen,  asphalt,  and 
mineral  pitch,  dissolved  in  paraffin,  petroleum  or  naphtha,  and 
various  oils,  are  well  adapted  for  painting  the  inside  of  pipes,  and 
for  ironwork,  such  as  cylinders  and  screw -piles,  under  water.  The 
finer  varieties  can  be  used  for  general  purposes,  especially  to  resist 
the  action  of  water  and  foul  vapors. 

Tar  Paint. — Coal-tar  thickened  with  lime  is  often  used  to  paint 
joints  between  timbers. 

The  canvas  roof  over  the  tubes  of  the  Britannia  Bridge  was 
painted  with  a  compound  containing  9  gallons  of  coal-tar,  13  lbs. 
slaked  lime,  and  2  or  3  quarts  of  turpentine  or  naphtha,  and 
dredged  over  with  sand. 

VEHICLES. 

187.  The  oils  are  generally  classed  under  two  heads — Fixed  Oils 
and  Volatile  Oils. 

Fixed  oils  are  obtained  by  pressure  from  vegetable  substances. 
They  are  of  a  fatty  nature,  will  bear  a  temperature  not  exceeding 
500°  Fahr.  without  decomposing,  and  do  not  evaporate  on  drying. 

Of  these  drying-oils  those  which  become  thick  upon  exposure 
to  air  are  alone  used  as  an  ingredient  in  paint,  and  of  these  linseed 
oil  is  the  most  commonly  used.  Nut  and  poppy  oils  are  sometimes 
employed. 

Volatile  or  essential  oils  are  usually  obtained  by  distillation. 
They  have  an  odor  characteristic  of  the  plant  from  which  they  are 
obtained.  They  are  colorless  at  first,  but  become  darker,  thicker, 
and  form  a  variety  of  resin  after  exposure  to  air  and  light.    Of 
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these  the  oil  or  spirits  of  turpentine  is  the  only  variety  used  for 
paint.    Petroleum-oil  and  naphtha  are  used  as  vehicles  or  solvents. 

Linseed-oil,  obtained  by  compressing  flaxseed,  is  the  best  of  the 
oils  used  in  paint,  putty,  etc.  It  oxidizes  and  thickens  upon  exposure 
to  the  air.  It  is  superior  in  body,  tenacity,  and  drying  power  to 
the  other  fixed  oils. 

Raw  Linseed'Oil. — The  oil  first  obtained  is  allowed  to  settle 
until  it  can  be  drawn  off  clear.  It  may  be  further  clarified  by  the 
addition  of  an  acid,  which  is  subsequently  washed  out.  The  oil 
should  be  clear  and  light  in  color,  almost  perfectly  transparent, 
with  little  odor,  and  sweet  to  the  taste.  Darkness  in  color  and 
slowness  in  drying  indicate  an  inferior  quality.  These  defects  are 
diminished  and  the  quality  of  the  oil  is  improved  by  age.  It 
should  never  be  used  in  a  less  period  of  time  than  six  months  after 
being  produced.  The  raw  oil  being  thinner  and  lighter  in  color  is 
well  adapted  to  fine  work. 

Both  the  drying  and  the  color  can  be  improved  by  adding  a 
certain  proportion  of  white  lead  and  allowing  it  to  settle.  The 
lead  can  be  removed  and  used. 

Raw  oil,  when  placed  on  a  non-absorbent  body,  will  require  two, 
three,  or  more  days  to  dry.  It  is  used  for  grinding  up  colors,  and 
for  interior  work. 

Boiled  Linseed-oil,  owing  to  the  comparative  rapidity  with 
which  it  dries,  is  the  properly  called  Drying-oil.  Placed  on  a  non- 
absorbent  body  it  dries  in  from  twelve  to  twenty-four  hours.  It 
can  be  boiled  alone,  but  usually  other  substances  are  added,  which 
cause  it  to  dry  more  quickly,  as  red  lead  and  litharge.  A  little 
umber  gives  a  darker  color.  Boiled  oil  is  thicker  and  darker.  It  is 
not  suited  for  grinding  colors.  It  is  commonly  required  for  outside 
work,  as  it  has  more  body  and  dries  more  quickly. 

188.  Spirits  of  Turpentine  is  obtained  by  the  distillation  of 
the  turpentine  obtained  by  tapping  or  boxing,  usually  called  bleed- 
ing, the  pine-trees.  The  residue  remaining  is  called  resin.  It  is 
largely  obtained  from  the  yellow-pine  trees  of  the  Southern  States. 
On  exposure  to  air  it  oxidizes  and  becomes  resinous.  It  is  used  in 
paints  to  make  them  work  more  smoothly;  will  not  stand  ex- 
posure to  the  weather;  should  dry  in  twenty-four  hours,  forming 
a  hard,  drv  varnish ;  and  is  also  used  as  a  solvent  for  resin  and 
other  materials  in  the  preparation  of  varnishes. 
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The  driers  are  sabstances  coiltaiDing  a  large   proportion  of 
oxygen,  the  more  common  of  which  have  already  been  mentioned. 
They  should  not  be  used  in  excess. 

a 

PB0P0RTI0N8  OF  INGREDIENTS. 

189.  The  proportions  of  the  materials  used  in  preparing  paints 
vary  greatly.  They  depend  upon  the  material  to  be  painted,  be- 
ing different  for  wood  and  iron.  The  kind  of  surface,  whether 
porous  or  not,  the  porous  requiring  more  oil,  and  the  degree  of  ex- 
posure to  which  the  paint  is  to  be  subjected. 

If  the  surface  is  subsequently  to  be  varnished,  the  paint  must 
contain  a  minimum  of  oil.  Baw  oil  is  used  for  inside,  boiled  oil  for 
outside,  work.  If  the  work  is  exposed  to  the  sun,  turpentine  is 
necessary  to  prevent  blistering.  The  proportions  also  depend  upon 
the  quality  of  the  materials  used.  More  oil  and  turpentine  will 
combine  with  pure  than  with  impure  white  lead.  And  the  different 
coats  of  paint  vary  in  composition;  the  first  coat  on  new  work  re- 
quires more  oil.  Turpentine  is  necessary  to  cause  adherence  to  old 
work. 

VARNISH. 

190.  Varnish  is  made  by  dissolving  resin  in  oil,  or  in  turpentine 
or  alcohol.  In  the  one  case  the  oil  dries,  and  in  the  other  the  tur- 
pentine or  alcohol  evaporates,  leaving  in  either  case  a  film  of  resin 
over  the  surface,  smooth,  solid,  and  transparent.  The  quality  of 
the  varnish  is  determined  by  the  amount  of  gloss,  and  its  perma- 
nence, durability  on  exposure  to  the  weather,  toughness  and  hard- 
ness of  the  coating,  and  rapidity  of  drying. 

Oil  varnishes  made  from  the  hardest  gums,  such  as  amber, 
gum  anim6,  and  copal,  dissolved  in  oil,  are  the  hardest  and  most 
durable,  but  dry  more  slowly.  They  are  suitable  for  work  exposed 
to  the  weather,  but  require  frequent  cleaning  and  polishing.  They 
are  used  for  carriages,  japan-work,  joining,  and  house-fittings,  and 
always  for  outside  work. 

Turpentine  varnishes  are  made  by  dissolving  the  softer  gums, 
such  as  mastic,  dammar,  and  common  resin,  in  the  best  turpen- 
tine. They  dry  more  rapidly,  are  lighter  in  color,  but  not  not  so 
tough  and  durable.    They  are  less  costly.     The  still  softer  gums 
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diBfiolyed  in  spirits  of  wine  dry  more  quickly,  are  harder  and  more 
glossy  than  the  turpentine  varnishes,  but  are  apt  to  crack  and 
scale  off,  and  will  not  stand  exposure. 


>/ 
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191.  All  fixed  structures  consist,  in  the  most  general  sense,  of 
parts  of  solid  materials  either  resting  against  each  other  or  con- 
nected along  certain  surfaces  called  joints,  and  so  arranged  as  to 
resist  any  tendency  to  alter  the  forms  or  arrangements  of  its  parts. 
In  a  more  restricted  sense  only  such  solid  materials  are  included 
as  have  already  been  mentioned  in  the  preceding  pages — iron, 
wood,  stone,  brick,  concrete,  etc.  In  this  volume  the  term  will  be 
used  in  its  more  general  sense,  so  as  to  include  earthwork  and 
similar  constructions. 

If  the  parts  of  a  structure  are  movable  relatively  to  each  other, 
or  relatively  to  each  other  and  at  the  same  time  movable  as  a  whole 
as  regards  their  positions  on  the  surface  of  the  earth,  the  structure 
is  called  a  machine,  engine,  locomotive,  etc.  These  will  only  be 
explained  or  discussed  so  far  as  may  be  necessary  to  a  clearer 
understanding  of  their  relations  to  and  effects  upon  fixed  struc- 
tures. 

The  parts  of  a  fixed  structure  should  touch  or  be  connected 
with  each  other,  so  that  they  may  act  as  a  unit  in  transmitting 
their  own  weights,  as  well  as  any  weight  or  load  resting  upon 
them,  either  directly  or  indirectly,  to  the  solid  materials  of  the 
earth,  such  as  rock,  clay,  sand,  gravel,  or  any  combinations  of  two 
or  more  of  these  materials,  the  whole  of  these  being  so  constructed 
and  arranged  as  to  preserve  the  form,  arrangement,  and  position  in 
which  they  are  put  together  or  otherwise  prepared. 

192.  In  this  sense  a  structure  may  be  divided  into  three  princi- 
pal parts,  each  of  which  is  composed  of  smaller  parts  joined  or 
connected  together. 

1st.  The  solid  materials  of  the  earth,  called  the  foundation-beds, 
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which  support  the  total  weight  or  load,  consisting  of  the  weights  of 
the  substructure  and  superstructure,  as  well  as  loads  or  weights 
resting  upon  them. 

2d.  The  substructures,  which  may  consist  of  any  of  the  materials 
used  in  structures,  such  as  earth,  wood,  brick,  concrete,  stone,  iron, 
etc.  These  rest  directly  on  the  foundation-beds,  and  the  parts 
are  so  arranged  or  connected  as  to  transmit  their  own  weights  and 
any  weights  or  loads  upon  them  to  the  foundation-beds. 

3d.  Superstructures,  which  may  be  defined  as  structures  whose 
parts  are  so  designed,  arranged,  and  connected  as  to  transmit  their 
own  weights  and  any  loads  upon  them  to  one  or  more  supports, 
these  supports  constituting  the  substructures,  which  transmit  the 
weights  and  loads  to  the  foundation-beds. 

The  supporting  resistances  or  pressures  are  (1)  the  resistances 
of  the  solid  materials  of  the  earth  to  being  cnished,  torn  apart,  or  to 
any  displacement  of  any  kind;  (2)  the  resistances  of  the  parts 
composing  the  substructure  to  crushing,  tearing,  or  displacement  of 
its  parts  by  the  weights  or  loads  resting  upon  them ;  and  (3)  the 
resistances  of  the  parts  of  the  superstructure  to  crushing,  tearing, 
or  displacement  of  any  kind. 

Structures  may  be  rendered  unfit  for  the  purposes  for  which 
they  .were  constructed  by  alterations  in  form,  bending,  twisting, 
yielding,  etc.,  without  actually  crushing,  tearing  apart,  or  being 
displaced  from  their  proper  positions. 

These  loads,  weights,  and  resistances,  or  supporting  pressures, 
are  called  the  external  forces,  and  must  balance  each  other,  as  the 
structures,  either  in  respect  to  the  parts  or  as  a  whole,  are  assumed 
to  be  fixed. 

DESIGNING   STRUCTURES. 

193.  In  the  designing  of  any  structure  it  is  necessary  to  know 
the  nature  and  relations  of  the  forces  acting  upon  the  structure  as 
a  whole  or  on  any  of  its  parts,  and  the  properties  of  the  materials 
with  which  it  is  to  be  constructed,  in  order  that  the  form,  dimen- 
sions, and  arrangements  of  its  parts  may  be  properly  determined 
and  adjusted  so  as  to  perform  safely  the  duties  imposed  upon  them 
with  the  least 'labor  and  cost  consistent  with  a  due  regard  to 
strength,  stability,  permanence,  durability,  and  suitableness  for  the 
purposes  in  view. 
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Certain  principles,  rules,  and  conditions  are  necessary  to  be  un- 
derstood and  considered,  which  are  common  to  all  forms  of  fixed 
structures,  of  whatever  material  constructed. 

The  conditions  of  equilibrium  of  a  structure  are : 

1st.  That  all  of  the  external  forces  acting  upon  a  structure  as  a 
whole  shall  balance  each  other.  These  consist  of  the  weight  of  the 
structure,  any  load  that  may  be  placed  upon  it,  and  the  supporting 
pressure  or  resistances  of  its  foundations. 

2d.  That  the  forces  exerted  on  each  piece  of  a  structure  shall 
balance  each  other.  These  consist  of  the  weight  of  the  piece  itself, 
any  other  load  upon  it,  and  t^e  resistances  at  the  joints  between  it 
and  other  pieces  in  contact  with  it. 

3d.  That  the  forces  exerted  on  each  part  of  a  piece  into  which 
it  may  be  divided  shall  balance  each  other.  These  consist  of  the 
weight  of  the  part  itself  and  of  any  external  force  applied,  and 
the  internal  force  or  stress  exerted  between  it  and  the  other  parts 
of  the  piece. 

194.  Stability  requires  the  fulfilment  of  the  first  two  conditions 
under  allowable  variations  of  the  load. 

195.  Strength  requires  the  fulfilment  of  the  third  condition 
within  the  limits  of  the  prescribed  load,  which  must  be  such  that 
no  injury  to  the  piece  shall  occur,  such  as  stretching  or  shortening, 
twisting,  or  any  other  alteration  in  the  form  or  dimensions  of  the 
piece  beyond  certain  prescribed  limits. 

The  load  or  other  external  forces  produce  strains  or  alterations 
in  the  form  or  dimensions  of  the  piece,  which  develop  internal 
forces  or  stresses  that  resist  such  strain  or  alteration.  For  every 
kind  of  strain  produced  there  is  developed  a  corresponding  stress — 
compressive  stress  with  compressive  strain,  tensile  stress  with  tensile 
strain,  shearing-stress  with  shearing-strain.  Strain  and  stress  vary 
in  the  same  proportion,  and  the  ratio  of  stress  to  strain  is  constant 
for  a  given  material  within  certain  limits. 

196.  If  the  direction  of  the  external  force  is  parallel  to  the  axis 
of  the  piece  the  strain  is  either  one  of  compression  or  extension : 
the  piece  will  be  shortened  or  lengthened,  and  if  the  piece  breaks 
it  will  do  so  by  crushing  or  tearing.  If  the  direction  of  the  exter- 
nal force  is  normal  or  inclined  to  the  axis  of  the  piece,  the  strain 
will  be  one  of  distortion,  twisting,  or  bending;  and  if  the  piece 
breaks  it  will  do  so  by  shearing,  wrenching,  or  breaking  across, 
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respectively.  In  either  case,  however,  the  ultimate  condition  of 
the  piece  is  one  of  conipi*ession  or  extension  of  its  particles  or 
fibres,  and  its  internal  stress  resisting  these  tendencies  is  either 
compressive  or  tensile,  or  both,  one  in  one  part  and  the  other  in  the 
other  part.  The  surface  dividing  the  two  is  called  the  neutral  sur- 
face, which  passes  through  the  centres  of  gravity  of  the  cross-sec- 
tions of  the  piece.  The  ultimate  strength  is  measured  by  the  load 
that  will  break  the  piece  in  some  specified  way;  the  proof -strength, 
by  the  greatest  load  that  does  not  so  far  alter  the  form  or  dimen- 
sions of  the  piece  as  to  impair  its  strength;  and  the  working 
strength,  by  that  load  which  for  reasons  of  safety  is  the  greatest  to 
which  the  piece  should  be  subjected  repeatedly  or  continuously. 
The  ultimate  strength  or  load  divided  by  the  working  load  gives 
what  is  called  a  factor  of  safety.  Tliis  varies  between  wide  limits, 
from  2  to  20  or  more,  with  the  degree  of  safety  required,  but  is  on 
an  average  from  3  to  5  for  a  steady  or  dead  load — such  as  the  weight 
of  the  structure,  and  from  4  to  10  for  a  live  or  moving  load — such 
as  a  rapidly  moving  train. 

197.  Coefl&cients,  or  Moduli  of  Strength,  are  simply  quantities 
which  express  the  intensity  of  the  stress  developed  when  a  piece 
of  a  given  material  gives  way  when  strained  in  any  specified  manner. 
There  are  as  many  coefficients  of  strength  as  there  are  ways  of 
breaking  a  solid  body.  They  vary  with  the  nature  of  the  mate- 
rial, and  also  with  the  relative  direction  of  the  applied  force  and 
that  of  the  grain  or  fibres  of  the  piece. 

198.  Elasticity  is  that  property  of  bodies  by  which  they  resist 
any  strain  or  alteration  of  form,  commonly  called  stiffness,  to- 
gether with  the  power  to  recover  more  or  less  perfectly  its  original 
form.  No  body  is  perfectly  elastic,  and  recovery  is  not  perfect. 
Coefficients  of  elasticity  vary  both  with  the  kind  of  material  and 
the  kind  of  stress,  and  simply  express  the  ratio  of  stress  to  strain. 
The  coefficient  of  elasticity  is  usually  indicated  by  the  letter  E, 
and  if  p  is  the  intensity  of  stress  producing  a  certain  strain  a, 

then  ^  =  —  is  the  coefficient  of  elasticity,     a  is  the  increase  in 

length  per  unit  of  length  for  tension,  the  decrease  per  unit  of 
length  for  compression,  and  the  special  alteration  in  form  for 
shearing,  torsion,  or  bending.  If,  however,  the  coefficient  of 
elasticity  is  to  be  found  by  experiment  upon  a  bar  of  any  given 
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croBB-sectiou  and  length,  let  A  =  area  of  cross-section  ;  L  =  orig- 
inal length  of  the  bar;  P  =  totat  stress  or  tension  uniformly 
distributed  oyer  the  area  of  cross-section;    I  =  total  elongation 

caused  by  the  pull  P,    Since  the  intensity  of  a  stress  is  equal  to 

p 

the  total  stress  divided  by  the  area  =  -j  and  the  elongation  per  unit 

of  length  =  J,  and  as  it  is  assumed  that  the  relation  between  the 

P       I 
intensity  of  the  stress  and  strain  is  constant,  then  -^  -i-y  =  B,  the 

p 

constant  called  the  coefScient  of  elasticity;  and  since --j  =:p  and 

-  =  «,  we  have,  as  above, 

^  =  1 (55) 

Or,  solving  with  respect  to  P,  P  =  EAj,  if  in  this  equation,  A  = 

unit  of  area,  and  1=^  L;  /.  jl,  substituting,  we  have  P  =  E,  which 

has  led  to  the  following  definition  of  the  coefficient  of  elasticity, 
viz.,  the  coefficient  of  elasticity  is  that  force  which,  applied  to  a 
bar  whose  area  of  cross-section  is  unity  (one  square  inch  or  one 
square  foot),  will  produce  an  elongation  equal  to  the  original  length 
of  the  bar,  assuming  it  to  be  perfectly  elastic  up  to  that  limit. 

Equation  55  is  true  only  for  certain  limits  of  stress,  beyond 
which  it  is  not  true,  E  being  assumed  constant  for  the  same  ma- 
terial and  same  kind  of  stress.  This  limit  is  called  the  limit  of 
elasticity,  or  the  elastic  limit.  This  limit  is  not  usually  well- 
defined.  All  coefficients  are  determined  directly  from  experiments 
or  deduced  from  some  law  devised  by  experiment. 

ART.   XXII. 

GENERAL  PRINCIPLE  OF  THE  BALANCE  OR  EQUILIBRIUM  OF 

FORCES. 

199.  It  will  not  be  necessary  to  consider  the  balance  of  forces  in 
space,  whether  inclined  or  parallel  to  the  co-ordinate  planes.  And 
all  forces  considered  in  this  article,  whether  inclined  or  parallel, 
will  be  assumed  to  have  their  lines  of  action  in  the  same  plane. 
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Force  Defined. — A  force  is  defined  as  any  action  between  two 
bodies  that  causes  or  tends  to  cause  a  change  in  their  relative  con- 
ditions of  rest  or  motion.  If  two  or  more  forces  so  act  on  a  body 
that  no  change  in  its  condition  of  rest  or  motion  is  produced^  these 
forces  are  said  to  be  in  equilibrium^  or  to  balance  each  other. 

A  force  can  be  represented  by  a  line — the  length  of  the  line 
representing  the  magnitude  of  the  force  to  any  desired  scale^  the 
direction  of  the  line  indicating  the  direction  of  action  of  the  force, 
and  one  end  of  the  line,  or  some  point  in  its  prolongation,  being 
the  point  of  application  of  the  force. 

A  force  is  completely  known  or  determined  when  we  know: 
1st,  its  point  of  application;  2d,  its  direction  of  action;  and  3d,  its 
magnitude  in  pounds  or  tons,  or  some  other  unit  of  force.  Forces 
are  usually  distributed  over  a  surface  of  greater  or  less  extent,  and 
if  treated  as  a  single  force  it  is  supposed  to  act  or  be  concentrated 
at  a  point  called  the  centre  of  pressure  or  resistance.  The  single 
force  is  supposed  to  have  the  same  effect  as  that  caused  by  the  com- 
bined action  of  the  distributed  force,  and  is  called  the  resultant. 
For  the  purposes  of  this  volume  all  the  forces  acting  on  a  body  are 
supposed  to  be  in  the  same  plane.  The  following  are  the  con- 
ditions of  equilibrium  for  any  system  of  forces  in  the  same  plane. 

200.  If  any  number  of  forces,  acting  in  the  same  plane  and  at 
the  same  or  different  points  of  a  rigid  body,  are  in  equilibrium,  the 
algebraic  sum  of  their  components  in  any  given  direction  is  equal 
to  zero,  as  commonly  stated. 

1st.  The  algebraic  sum  of  the  horizontal  components  is  equal 
to  zero ; 

2d.  The  algebraic  sum  of  the  vertical  components  is  equal  to 
zero;  and 

3d.  The  algebraic  sum  of  the  moments  oi  the  forces,  taken  with 
respect  to  any  axis  perpendicular  to  the  plane  of  the  forces,  is  equal 
to  zero. 

The  only  two  cases  which  we  have  now  to  consider  will  be: 
Ist.  When  the  lines  of  action  of  the  several  forces  are  parallel  and 
generally  vertical,  as  the  forces  are  the  weights  of  the  structure  and 
the  loads  upon  it.  2d. •When  the  lines  of  action  of  the  forces  are 
inclined  to  each  other.  In  this  latter  case  the  forces  will  generally 
consist  of  the  weights,  loads,  and  reactions  of  the  supports  and  the 
stresses  developed  in  the  members  of  the  body  meeting  at  one 
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poiut.  If  more  than  three  stresses  act  at  one  point  the  determina- 
tion of  these  stresses  is  impossible  unless  we  can  determine  one 
of  them  independently. 

The  general  principle  or  condition  of  the  balance  or  equilibrinm 
of  any  number  of  inclined  forces  acting  in  the  same  plane  and 
throngh  the  same  point,  is  that  if  lines  be  drawn  parallel  in  direc- 
tion and  proportional  in  magnitude  to  the  forces  themselves,  these 
lines  will  form  a  closed  polygon.  If  they  do  not,  the  forces  are  not 
in  equilibrium,  and  the  line  necessary  to  close  the  polygon  will  rep- 
resent the  direction  and  magnitude  of  the  force  required  to  produce 
equilibrium,  if  it  acts  in  the  direction  of  the  other  forces  continuously 
in  one  direction  around  the  polygon;  hut  if  it  acts  in  the  opposite 
direction  it  will  he  the  resultant  of  the  other  forces,  and  will  replace 
the  others,  or  have  the  same  effect  on  the  hody  as  that  of  the  com- 

A ^    _^  ^  ft  hined  action  of  the  other  forces. 

•      ^  ^  If  the  system  of  inclined  forces. 

Fig.  44,  acting  on  a  body,  and 
^}    represented  in  magnitude  and  di- 
[   rection  by  the  lines  1,  2,  3,  4,  and 
.^5,  and  lines  be  drawn  as  in  Fig. 
Fig.  44.  Fio.  45.  45,  parallel  to  the  direction  of  the 

forces  in  Fig  44,  and  their  lengths  proportional  to  the  magnitude  of 
tlie  forces;  that  is,  if  forces  1  =  5  tons,  2  =  6  tons,  3  =  6  tons, 
4  =  7  tons,  5  =  5i  tons,  then  Fig.  45,  1  =  i  in.,  2  =  0.6  in.,  3  = 
0.6  in.,  4  =  0.7  in.,  5  =  0.55  in.,  the  scale  used  being  10  tons  to  the 
inch.  As  a  gap  exists  between  a  and  b  the  system  of  forces  is  not 
in  equilibrium,  and  to  produce  a  balance  a  force  represented  by  E 
in  magnitude  and  direction  must  be  introduced  into  the  system.  If 
ah  is  0.4  in.  the  magnitude  of  the  force  must  be  4  tons  and  applied 
as  shown  at  E,  Fig.  44,  and  must  act  in  the  direction  as  shown  by 
the  arrow-head  from  a  to  6.  If  its  direction  of  action  is  reversed 
so  as  to  act  from  b  to  a,  or  in  the  direction  shown  by  Ji,  Fig.  44,  it 
becomes  the  resultant  of  the  system,  and  is  the  single  force  that 
could  replace  all  of  the  others.  The  balancing  force  E  and  the 
resultant  E  are  equal  in  magnitude,  but  opposite  in  direction,  and 
in  the  same  line  of  action.  It  is  immaterial  in  what  order  the 
forces  are  taken  in  constructing  the  polygon  Fig.  45.  The  shape  of 
the  polygon  is  of  no  moment.  The  lines  may  cross  each  other. 
The  only  requirement  is  that  the  closing  line  ah  shall  be  drawn 
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from  the  end  of  the  last  line  to  the  beginning  of  the  first  line. 
Fig.  45  may  be  called  the  force  polygon. 

The  important  and  usual  case  of  this  general  problem  is  where 
there  are  only  three  inclined  forces,  and  the  force  polygon  becomes 
a  triangle,  commonly  a  right-angle  triangle,  the  same  construction 
and  same  remarks  apply.  If  the  three  forces  considered  are  Nos. 
3,  4,  and  5,  Fig.  44,  then  the  force  polygons  will  be  as  shown  in 
Figs.  46,  47.    These  polygons  only  difFer  in  the  direction  of  action 

of  the  force  No.  4.    Fig.  46  shows  the  direction  for  a 
resultant  or  replacing  force,  and  Fig.  47  the  direction 
for  equilibrium.     It  is  erident  that 
either  force  may  be  considered  as  the  ^^ 
resultant  or  the  balancing  force,  the 
other  forces  being  called  the  compo- 
nents.   The  more  usual  case  is  as  shown  in  Figs. 
44a  and  47a,  Fig.  44a  showing  the  three  forces  in 
equilibrium  at  a  panel  point  in  a  frame  or  truss,  and 
Fig.  47a  the  force  polygon  for  a  condition  of  equi- 
librium.   It  is  evident  from   Figs.  45,  47,  and  47a,  as  shown  in 


Fig.  46. 


Fig.  47. 


Fig.  44a. 


Fio.  47a. 


the  rectangles  ABCD  formed  by  dotted  lines  enclosing  the  force  or 
stress  polygon,  that  the  first  two  conditions  of  equilibrium  are  ful- 
filled^yiz.,  algebraic  sum  of  vertical  components  =  0,  and  algebraic 
sum  of  horizontal  components  =  0. 

201.  The  above  may  be  considered  as  a  graphical  solution  of  the 
problem,  as  the  force  polygon  is  drawn  to  an  exact  scale  of  so  many 
pounds  or  tons  to  the  inch.  The  analytical  solution  is  based  upon 
the  same  principles  as  above  enunciated,  and  in  addition  to  knowing 
the  magnitude  of  one  of  the  forces  we  must  know  the  angles 
between  the  direction  of  the  forces.  The  same  relations  then  exist 
between  the  magnitudes  of  the  forces  as  exist  between  the  lengths 
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of  the  Bides  of  the  polygon  or  triangles,  [knowing  one  force,  the 
others  can  easily  be  determined  by  the  formulae  for  the  solution  of 
plane  triangles.  The  only  relations  that  are  necessary  in  most 
cases  are^  firsts  that  the  sides  are  proportional  to  the  sines  of  the 
opposite  angles^  or,  in  case  of  a  right-angle  triangle,  either  side 
about  the  right  angle  is  equal  to  the  other  side  multiplied  by  the 
tangent  of  the  angle  opposite  the  first  side,  or  that  the  hypothenuse 
is  equal  to  either  side  about  the  right  angle  multiplied  by  the 
secant  of  the  included  angle. 

ANY   SYSTEM   OF   PARALLEL  FORCES   IN  A   PLANE. 

202.  The  same  conditions  of  equilibrium  are  applicable,  but 
the  first  two  conditions  are  equivalent  to  only  one,  viz.,  that  the 
algebraic  sum  of  the  parallel  forces  shall  be  equal  to  zero.  The 
third  condition  is  inf  the  same  as  the  preceding  paragraph,  viz.,  that 
the  algebraic  sum  of  the  moments  of  the  forces  with  respect  to 
any  axis  perpendicular  to  the  plane  of  the  forces  shall  be  equal 
to  zero. 

The  resultant  of  a  system  of  parallel  forces  acting  in  the  same 
direction  is  a  single  force  acting  in  the  sani^  direction,  and  equal 
in  magnitude  to  that  of  all  the  forces  added  together.  If  there 
are  two  sets  of  parallel  forces  acting  in  opposite  directions,  the 
resultant  will  be  either  a  single  force  or  a  couple.  1st.  If  the 
resultant  of  each  set  acts  through  a  common  point,  and  is  of  the 
same  magnitude,  the  system  is  completely  balanced,  and  the  final 
resultant  is  zero.  2d.  If  acting  through  the  same  point,  and  un- 
equal, the  final  resultant  will  be  a  single  force  equal  to  the  differ- 
ence between  partial  resultant^  and  acting  in  the  direction  of  the 
greater  of  the  two,  and  the  tendency  would  be  to  move  the  body 
in  the  direction  of  the  resultant.  3d.  If  the  partial  resultants  are 
equal  in  magnitude,  but  do  not  act  through  a  common  point  or  in 
the  same  line  of  action,  the  resultant  of  the  system  is  a  couple, 
which  7nay  be  defined  as  two  equal  and  opposite  parallel  forces  not 
acting  on  a  body  m  the  same  line  of  action.  The  tendency  is  to 
turn  the  body  about  some  axis  perpendicular  to  the  plane  of  the 
couple.  4th.  If  the  resultants  of  the  two  sets  of  parallel  forces 
are  unequal  but  not  acting  through  the  same  point,  the  resultant 
will  be  a  single  force,  equal  to  the  difference  of  the  two  and  acting 
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parallel  to  and  in  the  direction  of  the  greater,  but  on  the  opposite 
aide  of  the  greater  from  the  smaller  of  the  two. 


d 
Figs.  48,  49, 


£ 


a, 
b 


1 


V 


50. 


d 
Fig.  51. 


The  four  cases  described  are  illustrated  in  Figs.  48,  49,  50,  51. 
in  Fig.  48  the  partial  resultants  are  equal  and  in  the  same  line  of 
action.    The  system  is  completely  balanced. 

In  Fig.  49  the  partial  resultants  are  unequal  and  in  the  same 
line  of  action;  the  final  resultant  is  a  single  force  cd  =  bd  -'  ah. 
In  Fig.  50  the  partial  resultants  ab  and  cd  are  equal,  opposite,  but 
not  in  the  same  line  of  action.  The  final  resultant  is  a  couple. 
In  Fig.  51  the  partial  resultants  are  unequal  and  not  in  the  same 
line  of  action;  the  resultant  is  a  single  force  (eg)  acting  beyond 
the  greater  and  in  the  same  direction,  and  at  a  distance  from 
the  greater  such  that  cd  :  ab  :  eg  :  :  be  :  ce  :  he.  If  equilibrium 
in  Fig.  51  is  required,  then  the  direction  of  the  force  eg  must 
be  changed  so  as  to  act  upwards  instead  of  downwards.  This 
condition  is  shown  in  Fig.  52,  and  shows  that  the  least  number  of 
paraUel  forces  that  can  balance  each  other  is  three,  leaving  out  two 
equal  and  directly  opposed  forces,  as  shown  in  Fig.  48.  This  fact, 
known  as  the  Balance  of  Three  Parallel  Forces,  called  also  the  Prin- 
•ciple  of  the  Lever,  taken  together  with  the  principles  explained  in 
paragraph  200,  and  illustrated  in  Figs.  44a,  46,  47,  ^la,  is  a  fun- 
damental principle  underlying  the  equilibrium  of  bridge  and  roof 
trusses.     The  principle  of  the  lever  is  as  follows :  If  three  parallel 

forces  in  the  same  plane  are  in  equilibrium,  the 
R,  extreme  forces  must  act  in  one  direction.     The 
intermediate  force  must  act  in  the  opposite  direc- 
tion, and  must  equal  the  sum  of  the  extreme 
Fig.  63.  forces,  and  each  force  must  he  proportional  to 

distance  between  the  other  two.     These  conditions  are  expressed  by 
the  following  relations  and  equations: 


T 

▼w 


W=R  +  R,. 


(56) 
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W:  E  :  E^:  :  I :  b:  a,  which  expresses  the  last  condition;  from 
which  we  obtain 

B,  =  ^    and    R=f;  »r=^  =  f (57) 

From  these  equations,  when  any  one  of  the  forces  with  the 
distances  between  it  and  the  other  two  are  known,  the  other  forces 
can  be  found. 

203.  These  equations  are  continually  used,  and  should  be 
thoroughly  understood.  The  proof  of  the  above  relations  depends 
upon  the  theory  of  couples.  Referring  to  Fig.  50,  par  202,  the 
moment  of  the  couple  is  ab  (or  cd)  multiplied  by  be;  or,  in 
words,  the  moment  of  a  force  is  the  product  of  the  force  by  its 
perpendicular  distance  from  the  force  to  any  axis  perpendicular  to 
the  plane  containing  the  force.  The  force  will  always  belong  to  a 
couple,  and  the  perpendicular  distance  called  the  lever-arm  will 
always  be  the  distance  between  the  two  forces  of  the  couple.  The 
equilibrium  of  couples  is  in  every  way  similar  to  that  of  single 
forces.  When  parallel  couples  have  the  same  moment,  and  tend 
to  turn  the  body  in  the  same  direction,  the  resultant  moment  is 
the  sum  of  two.  If  they  tend  to  turn  the  body  in  opposite  di- 
rections and  are  equal,  they  balance  each  other.  If  unequal,  the 
resultant  couple  is  one  whose  moment  is  the  difference  between  the 
moments  of  the  other  two,  and  tends  to  tnm  the  body  in  the  di- 
rection of  the  greater.  If  the  turning  is  to  the  right,  in  the 
direction  of  motion  of  the  hands  of  a  watch,  it  is  called  a 
right-handed  couple;  if  in  the  opposite  direction,  a  left-handed 
couple.  Applying  these  principles  to  the  principle  of  the  lever 
(see  Fig.  52),  the  force  PTmay  be  supposed  to  be  divided  into  two 
forces,  one  of  them  =  E  and  the  other  =  E^ ,  both  acting  at  the 
same  point,  thus  forming  two  couples — the  one  whose  moment  is 
Ea.  and  the  other  whose  moment  is  E^b;  the  one  right-handed,  the 
other  left-handed.  For  equilibrium,  Ea  =  Efi^  or  E  :  E^  :  :  b:  a^ 
which  corresponds  to  the  conditions  of  equilibrium.  The  ten- 
dency of  a  couple  to  turn  a  body  is  completely  known,  when  the 
moment  and  direction  of  the  couple  are  known,  and  the  position 
of  the  axis  is  known,  the  moment  of  a  couple  can  be  represented 
by  a  line  in  magnitude  and  direction  by  drawing  a  line  proper- 
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tional  to  the  magnitude  of  the  moment  and  perpendicular  to  the 
plane  of  the  couple,  so  that  on  looking  along  the  line  towards  the 
couple  it  shall  appear  right-handed.  If,  then,  two  such  lines  be 
drawn  to  repi'esent  two  couples,  the  third  line  forming  a  triangle  will 
represent  the  resultant  couple,  or  the  closing  side  of  any  polygon, 
if  there  are  more  than  two  couples.  The  direction  that  is  given 
to  the  closing  line  will  determine 
whether  it  is  a  resultant  couple, 
or  a  couple  necessary  to  produce 
equilibrium,  as  in  the  case  of 
inclined  forces.  If  the  lines  a 
and  b  represent  the  two  couples  m 
and  m,  respectively  in  amount, 
direction,  and  position  of  the  axes, 
and  are  so  drawn  that  on  looking 
along  those  lines  the  couples  ap- 
pear right-handed,  then  will  c, 
Fig.  53,  represent  the  resultant 
moment;  or,  if  the  direction  of  c  is  reversed,  it  will  represent  the 
couple  necessary  to  produce  equilibrium. 

204.  A  force  polygon  can  also  be  formed,  if  the  forces  are 
all  parallel,  by  taking  a  set  of  three  parallel  forces,  a  and  h  acting 
downward  and  c  upward.  Now  laying  off  vertically  downward  a 
line  to  represent  the  force  a,  and  in  continuation  the  line  to  repre- 
Aq^a  sent  the  force  b,  then  turning  upward  a  line  to 
I  represent  the  force  c,  we  find  a  gap  from  j8  to  ^  rep. 
j  resented  by  the  dotted  line.  The  resultant  force  is 
I  represented  hy  AB  acting  downward.  The  force 
"1^  necessary  for  equilibrium  would  be  the  force  BA 
acting  upward.  The  above  principles  are  all  that 
are  necessary  to  determine  the  stresses  upon  any 
framed  structure,  simple  or  complicated,  if  the 
external  forces  or  loads  are  known.  These  in  any  particular  case 
are  given  or  assumed.  As  the  external  forces  are  generally  parallel, 
it  is  necessary  to  have  some  simple  mode  of  determining  what  is 
called  the  centre  of  parallel  forces,  being  the  point  through  which 
the  final  resultant  parses ;  and  as  the  forces  are  generally  weights, 
they  will  be  vertical,  and  the  centre  of  parallel  forces  becomes  the 
centre  of  gravity  of  all  the  loads.     The  principle  is  identical  in 
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either  case.  We  will  find  the  centre  of  gravity,  or  more  properly 
the  position  of  tbe  line  of  action  of  the  resultant  of  any  system  of 
loads  or  weighta,  such  as  those  on  the  wheels  of  a  locomotive  and 
tender,  the  weights  and  distances  of  which,  apart,  are  known. 
This  applies  to  any  other  kind  of  isolated  or,  as  they  ore  sailed, 
concentrated  loads,  and,  while  establishing  the  general  principle 
involved,  will  familiarize  us  with  the  nature,  amount,  and  distri- 
bution of  the  loads  actually  used  in  determining  the  stresses 
on  aud  the  dimension  of  the  parts  of  beams  and  tmesee.  The 
type  of  locomotive  is  among  the  heaviest  now  in  use,  and  is  about 
the  standard  required  in  the  usual  specifications.  Each  pair  of 
tender-wheels  carries  i5,0Q0  lbs.,  also  the  front  tmck.  Each  of 
the  four  pairs  of  drivers  carries  24,000  lbs.  Only  half  of  these 
loads  is  on  each  rail  and  borne  by  each  of  the  two  bridge  trusses. 
The  distances  apart  of  the  wheels  from  centre  to  centre  are  shown 
on  the  diagram  Fig.  55.     As  the  position  of  the  axis  is  arbitrary, 

i     i    i  i  i     i  i    i  s 
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we  can  take  it  anywhere,  assuming  it  to  pass  through  the  centre 
of  w„  the  front  wheel  of  the  locomotive.  The  simple  principle  is 
that  the  moment  of  the  resultant  weight  mast  be  equal  to  the  sum 
of  the  component  weights  taken  with  respect  to  the  same  axis. 
The  lever-arm  of  ro,  is  0.  Calling  W  the  sum  of  the  loads  or  the 
resultant,  and  its  unknown  lever-arm  x^,  we  have 

Wx,  =  w,xO  +  tir,X  8.08  +  w,X  13.83  -\~a,X  18.33  +  to, 
X  32.83  f  w,  X  29.91  +  w,X  34.74  +  w,X  40.40  -|-  lo,  X  45.23. 

Or,  since  w,  =  w,  =  w,  =  w,  =  w,  =  7500  lbs.,  w,  =  to,  =  w,  =  w, 
=  12,000  lbs.,  and  W~  85,500,  we  have  x,  =  22.03  ft.  to  the  right 
of  w,,  which  places  the  resultant  0.8  ft.  to  the  left  of  w,,  and  simi- 
larly for  any  other  system  of  weights. 
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205.  The  principles  of  the  balance  and  equilibrium  of  forces, 
considered  in  the  abstract,  that  is,  without  reference  to  its  relations 
to  or  effects  upon  the  material  objects  to  which  they  may  have 
been  applied,  have  been  fully  discussed  in  this  article.  These 
simple,  elementary,  and  fundamental  principles  are  essential  to  an 
understanding  of  the  theory  and  practice  of  engineering  construc- 
tion, and  should  be  thoroughly  understood.  In  the  following 
articles  forces  will  be  considered  in  their  relations  to  the  parts  of 
structures  considered  separately,  or  to  a  structure  taken  as  a  whole. 
In  the  following  discussion  the  materials  of  which  the  structures 
are  composed,  and  the  forms  in  which  the  materials  are  aggregated 
in  the  pieces  considered,  do  not  enter  into  the  discussion;  in 
other  words,  the  strength  of  the  parts  or  pieces  is  not  considered. 
The  questions  of  equilibrium  and  stability  alone  is  considered. 
(See  paragraphs  193  and  194.)  Stability  of  a  structure  consists  in 
the  fulfilment  of  the  first  and  second  conditions  of  equilibrium  of 
a  structure  under  all  variations  of  load  within  given  limits.  A 
stnicture  which  is  deficient  in  stability  gives  way  by  the  displace- 
ment of  its  pieces  from  their  proper  positions. 


•ART.  XXII  (A). 

<}ENERAL  PRINCIPLES  OF  THE  EQUILIBRIUM  AND  STABILITY  OF 

FRAMES. 

206.  In  this  article  the  forces,  loads,  and  resistances  will  be 
eonsidered  as  single  forces  concentrated  at  points. 

As  these  conditions  alone  affect  the  question  of  stability.  The 
mode  of  distribution  of  the  intensity  of  the  loads  and  resistances, 
which  affects  the  strength  and  stiffness  of  a  member  or  piece  of  a 
structure,  will  not  be  considered  at  present. 

It  will  only  be  necessary  to  know  the  direction,  magnitude,  and 
point  of  application  of  the  resultant  load.  The  point  of  applica- 
tion is  called  the  centre  of  pressure. 

Similarly,  it  will  only  be  necessary  to  know  the  resultant  of  the 
resistance  or  stress  developed  between  two  pieces  of  a  structure  at 
the  joint  or  surface  of  contact  between  them,  and  treat  this  result- 
ant as  a  single  force,  of  which  the  direction,  magnitude,  and  point 


234  JOINTS^   LINE  OF  RESISTXKCE^    FBAHES. 


of  application  are  known.    The  point  of  application  of  the  result- 
ant is  called  the  centre  of  resistance  for  that  joint. 

A  line  of  resistance  is  a  straight^  broken,  or  carved  line  passing 
throngh  the  centres  of  resistance  of  the  several  joints  in  a  structure. 
The  direction  of  this  line  at  any  joint  does  not  necessarily  coincide 
with  the  direction  of  the  resultant  resistance  at  that  joint. 

207.  There  are  three  kinds  of  joints.  1st.  Those  in  which  the 
two  pieces  are  so  connected  by  glue,  cement^  bolts,  rivets,  or  other 
rigid  connections,  that  the  relative  angular  position  of  the  pieces 
are  fixed  with  respect  to  each  other,  and  the  joint  is  capable  of 
resisting  both  a  thrust  and  a  pull.  In  this  case  the  centre  of  resist- 
ance of  the  joint  may  be  at  any  point  of  surface  of  contact;  or  there 
may  be  no  centre  of  resistance,  the  resultant  being  a  couple  and  not 
a  single  force.  Under  the  latter  condition  the  two  pieces  act  as  one 
piece,  and  the  resistance  is  a  question  of  strength,  and  not  of  sta- 
bility. 

2d.  Those  in  which  the  two  pieces  are  joined  along  surfaces  of 
considerable  area  as  compared  with  the  dimensions  of  the  parts 
connected,  as  the  joints  in  masonry  or  between  masonry  and  the 
materials  of  the  earth.  These  joints  are  capable  of  resisting  a  more 
or  less  oblique  pressure  or  thrust,  but  in  which  the  resistance  to  a 
pull  or  tension  is  small  in  amount,  and  not  considered  in  practice. 
In  such  joints  the  centre  of  resistance  may  be  varied  within  certain 
limits  from  the  centre  of  the  joint. 

3d.  Those  in  which  the  pieces  are  bars,  links,  ropes,  or  iron  or 
timber  beams  or  struts,  which,  while  connected  at  their  ends,  offer 
but  little  resistance  to  change  in  the  relative  angular  position  of  the 
pieces.  The  centre  of  resistance  in  such  joints  admits  of  no  devia- 
tion from  their  centre. 

208.  A  Frame,  considered  from  the  condition  of  stability  alone, 
is  a  structure  compelled  of  rods,  bars,  ropes,  or  links,  connected  and 
supported  by  joints  of  the  third  class,  free  to  change  their  relative 
angular  positions.  The  pieces  may  be  all  struts,  all  ties,  or  there 
may  be  both  struts  and  ties  in  the  same  frame. 

A  Tie  is  a  piece  or  member  in  a  state  of  tension,  and  the  stress 
developed  at  any  section  that  may  be  conceived  as  dividing  it  into 
two  parts  is  called  a  pull  or  tensile  stress,  and  the  stri^n  is  one 
of  elongation,  extension,  or  stretch.  Fig.  56  represents  a  single 
bar  or  tie,  acted  upon  by  a  force  or  load  P,  the  direction  of  which 
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coincides  with  the  axis  of  the  bar^  and  acts  outward  with  re- 
spect to  it.  This  force  is  resisted  or  bal- 
anced by  an  eqaal  and  opposite  force  or  re- 
sistance at  the  other  end  or  joint.  The 
points  of  application  of  these  forces  A  and 
J?  are  the  respective  centres  of  resistance, 
and  the  line  AB  is  the  line  of  resistance. 
As  equilibrium  is  assumed,  P  and  R  must 
be  equal,  opposite,  and  have  the  same  line 
of  action.  A  bar  or  rod  in  this  condi- 
tion is  called  a  tie.  The  equilibrium  of 
a  tie  is  stable,  for  if  the  forces  P  and  B  are 
unchanged  in  direction,  while  the  angular 
position  of  the  tie  is  changed,  the  equal  forces  P  and  B  consti- 
tute a  couple,  tending  to  bring  the  bar  back  to  its  original  posi- 
tion, as  shown  by  the  dotted  lines.' 

/Struts. — If  the  equal  forces  or  resistances 
Pand  R  are  directed  inwards  or  towards  each 
^  other,  the  bar  or  member  is  called  a  strut. 
It  is  in  a  state  of  compression,  and  the  stress 
developed  at  any  ideal  section  is  called  a 
compressive  stress,  or  a  thrust,  and  the 
strain  is  one  of  shortening,  or  contraction. 
The  equilibrium  of  a  strut  is  unstable,  for 
if  the  angular  position  of  the  piece  is 
changed  the  originally  directly  opposed 
forces  constitute  a  couple  tending  to  remove  it  still  farther  from 
its  original  position.  A  flexible  body,  such  as  a  rope,  chain,  or 
small  rods  and  bats,  will  not  be  suitable  for  a  strut.  The  dotted 
lines  show  the  direction  of  action  of  the  couple. 

The  weights  of  the  pieces  themselves  are  never  considered  when 
they  are  very  small. 

The  balance  of  a  load  supported  by  two  parallel  forces  or  reactions 
has  been  discussed  under  the  head  of  the  Principle  of  the  Lever. 

The  balance  of  a  load  and  two  inclined  forces  has  been  discussed 
under  the  head  of  a  Triangle  of  Forces.  This  is  also  illustrated  by 
the  inclined  bar  or  beam,  Figs.  58  and  59.  Fig.  58  shows  the 
position  and  direction  and  relative  magnitudes  of  the  load  W  and 
the  supporting  resistances  R  and  R^.    The  ^conditions  of  equi- 


236 


BALANCE  OF  FOUR  PARALLEL  FORCES. 


librinm  are:  Ist,  that  the  lines  of  action  of  the  forces  must  be  in 
one  plane;  2d,  that  they  must  intersect  in  one  point;  and^  3d,  that 
the  three  forces  must  be  proportional  to  sides  and  diagonal  of  a 


Fig.  68.  Pig.  59. 

parallelogram,  or  to  the  sides  of  a  triangle,  Fig.  59,  respectively 
parallel  to  their  directions. 

W :  E  :  R^  ::  AB  :  AC :  OB  ::  Bin  («+«,)  :  sin  a,  :  sin  a.*  (58) 

209.  If  four  parallel  forces  balance  each  other,  required  the  rela- 
tions that  must  exist  between  the  magnitudes  of  the  forces.  Let 
WTbe  a  weight  acting  vertically  downward  at 
D,  and  supported  by  three  props  or  struts  at 
A,  B,  and  0,  the  supporting  forces  or  re- ,,  [ 
sistances  R^,  i2,,  and  i?,  acting  vertically  J- 
upwards  at  these  points,  respectively.  (See 
Fig.  60.)  If  lines  be  drawn  from  the  vertices 
of  a  triangle  formed  by  connecting  the  points 
of  application  of  the  three  forces  acting  up- 
ward to  the  point  Z>,  these  points  being  sup- 
posed to  be  in  the  same  plane  (either  inclined 
or  horizontal)  with  the  point  of  application 
of  the  load  W  at  Dy  four  triangles  will  be  formed,  namely,  ABC, 
AD  By  ADC,  and  BDC.  And  each  force  will  be  proportional  to 
that  triangle  whose  vertices  are  in  the  lines  of  action  of  the  other 
three  forces;  i.e., 

WiR,:R,:R,\:  ABC  :  BDC :  ADO :  ADB. 

In  Fig.  60,  extending  the  lines  first  drawn,  AD,  BD,  and  CZ>, 
until  they  intersect  the  sides  BC,  AC,  and  AB  at  G,  E,  and  F, 

*  Sefe  Rankine's  Civil  Engineering,  p.  85. 
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respectively,  the  resultant  of  B^  and  iZ,  will  intersect  the  line  AB 
at  some  point;  and  since  this  resultant  must  be  in  equilibrium  with 
the  remaining  two  forces  W  and  E,  and  parallel  to  them,  all  three 
must  be  in  the  same  plane  containing  the  line  FDC,  this  plane 
being  vertical  in  this  case  because  the  forces  are  vertical,  otherwise 
it  would  be  a  plane  parallel  to  the  forces.  Hence  the  resultant  of 
R^  and  jB,  will  pass  through  the  point  F,  and  be  equal  to  i2,  +  72, 
by  the  principle  of  the  lever.     Then  also,  by  the  same  principle, 

W:R,:R,  +  B,::GF:FD:DC.     (a)    •    .     (59) 

The  same  reasoning  applied  to  the  resultants  of  i2,  and  R^  at 
G,  and  of  i?,  and  R^  at  F,  enables  us  to  write  the  following  pro- 
portions: 

W:R,:R^  +  R,::AG:DG:AD;    (b)  .    .     (60) 
W:R^:R,  +  R,::FB:FD:DB.     (c) .     .     (61) 

Since  triangles  having  the  same  bases  are  to  each  other  as  their 
altitudes,  we  can  write 

aABC:  t^ADB:-.  CFiFD;     (a)  ) 

aABOi  aADC::EB:ED;     (c)   V    .    .    .     (6U> 

aABG:  ABDCiiAGiDG.    (b)   ) 

These  lines,  CF,  FD,  etc.,  are  not  the  altitudes,  but  they  are  pro- 
portional to  them. 

Combining  the  two  sets  of  equations  in  their  order, 

WiR^i:  A  ABC:  aADB;  (a  and  a) 
W:  i2, ::  aABC:  aADG;  (c  and  c) 
W:R,:'  A  ABC:  aBDC.     (b  and  b) 

Since  W  and  A  ABC  axe  common,  we  have 
W:R,:R,:R,::  aABC:  aBDC:  aADC:  aADB.    (62) 

Knowing  the  relative  positions  of  the  forces  and  the  distances 
between  them,  we  can  readily  find  the  areas  of  the  triangles,  since 
in  each  we  know  the  three  sides;  and  Also  knowing  W,  we  can  find 
the  valaes  of  R^,  R^,  and  i?,. 

If  the  load  is  supported  by  three  inclined  supports,  the  lines  of 
action  of  the  three  supporting  forces  must  intersect  that  of  the 
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load  in  one  pointy  and  the  magnitudes  of  the  three  supporting 
forces  are  represented  by  the  three  edges  of  a  parallelopipedon 
whose  diagonal  represents  the  load.  (See  Bankine^s  Ciyil  Engi- 
neering, p.  37.) 

210.  A  frame  of  two  bars  may  consist  of  two  ties^  two  stmts,  or 
a  strut  and  a  tie  joined  or  connected  at  one  point,  the  other  end  of 
each  fastened  or  fixed.    Fig.  61  represents  the  frame  of  two  ties 


Fio.  62. 


Fig.  68. 


jointed  at  the  ends  A  and  fixed  at  their  upper  ends  B  and  C, 
respectively.  Fig.  62  is  the  condition  of  two  struts  jointed  at  their 
upper  extremities  A  and  fixed  at  their  lower  extremities  B  and  C, 
and  Fig.  63  is  the  case  of  a  strut  and  a  tie  jointed  at  one  end  and 
fixed  at  the  other.  These  conditions  exist  provided  the  applied 
forces  are  acting  downward. 

If  acting  upwards,  the  frames  should  be  revolved  through  180° 
in  Figs.  61  and  62  and  the  pieces  should  change  position  in  Fig.  63^ 
unless  the  pieces  in  each  frame  are  capable  of  resisting  both  a 
tensile  and  compressive  stress.  In  Fig.  61  the  pieces  may  be  com- 
posed of  bars,  links,  wires,  ropes,  or  any  flexible  bodies. 

In  Fig.  62  both  pieces  must  possess  more  or  less  stiffness,  such 
as  posts  or  columns  of  timber  or  iron. 

In  Fig.  63  the  piece  -4(7  is  a  strut  or  column  of  timber  or  iron, 
and  the  piece  AB  may  be  flexible — commonly  a  rope  either  of 
manilla  or  hemp,  and  often  a  wire  rope.  The  forces  applied  are 
usually  loads  acting  vertically  downward,  and  in  either  of  the  three 
cases  the  stresses  on  each  piece  are  found  by  decomposing  the  ap- 
plied force  into  components  acting  in  the  direction  of  the  axis  of 
the  pieces,  according  to  the  principles  of  the  parallelogram  or 
triangle  of  forces,  as  shown  in  AGHK  or  AHK,  respectively,  and 
in  either  case  the  relations  between  load  and  supporting  forces  are 

W :  R^:  R  :  :  AH :  HK :  AK :  :  sin  (a  -[-  a^)  :  sin  a  :  sin  a^.  (63) 
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These  principles  and  relations  hold  true  whether  the  two 
adjacent  pieces  of  the  frame  compose  the  entire  structure  or  are 
only  parts  of  large  frames  consisting  of  many  pieces^  as  in  bridge 
and  roof  trusses. 

A  frame  of  two  ties  is  not  only  stable  in  the  plane  of  the  frame^ 
but  in  planes  perpendicular  to  it. 

A  frame  composed  of  two  struts  is  unstable  laterally  or  in  planes 
perpendicular  to  the  plane  of  the  frame^  and  must  be  stayed  or 
held  in  position.  It  is  important  to  remember  this  fact  in  erecting 
bridge  and  roof  trusses. 

A  frame  consisting  of  a  strut  and  a  tie  is  stable  laterally  when 
the  direction  of  the  load  inclines  from  the  line  joining  B  and  6> 
the  points  of  support,  and  unstable  when  the  direction  of  the  load 
inclines  towards  that  line.  This  construction  embodies  the  essen- 
tial principles  used  in  derricks  and  cranes,  in  which  the  ends  B 
and  C  are  fastened  to  a  strong,  upright  column  of  wood  or  iron. 
The  Golamn  is  fixed  in  position  at  top  and  bottom,  but  is  capable 
of  reyolving  on  a  pivot  at  the  bottom.  This  column  is  called 
the  mast,  the  strut  CA  the  boom,  and  the  rope  or  cable  BA  the 
tie  or  boom-iall  by  which  the  distance  between  the  points  A  and 
B  can  be  varied  as  desired,  the  boom  AC  assuming  any  position 
from  the  horizontal  to  almost  a  vertical  position. 


V-' 


Fig.  64. 


Fig.  66. 


211.  If  a  triangular  frame  (Pig.  64)  composed  of  three  pieces, 
A,  B,  and  C,  which  are  connected  at  the  joints  1,  2,  and  3,  is  acted 
npon  by  a  force  w  applied  at  the  joint  1  and  acting  in  any  direc- 
tion, and  supported  at  the  joints  2  and  3,  the  reactions  or  resist- 
ances at  these  points  being  represented  by  R  and  R^ ,  then  the 
first  condition  of  equilibrium  requires  that  these  three  forces  shall 
balance  each  other.  They  may  be  inclined  to  each  other,  or  they 
may  be  parallel.  The  force  w  is  generally  a  weight  or  load,  con- 
sequently acting  vertically  downward.    The  reactions  R  and  R^ 
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may  be  inclined  to  w  and  to  each  other,  or  all  three  forces  may  be 
parallel. 

If  inclined  to  each  other,  the  conditions  of  equilibrium  require 
that  they  shall  be  in  the  same  plane,  that  their  lines  of  action 
shall  meet  in  one  point,  and  that  their  magnitudes  shall  be  propor- 
tional to  the  lengths  of  the  sides  of  a  triangle  parallel  to  their 
directions,  respectively.  Therefore  in  Fig.  66  draw  a  line  parallel 
to  w,  and  make  its  length  OA  proportional  to  the  magnitude  of  w, 
on  any  desired  scale,  such  as  I  inch  to  1  ton,  2  tons,  or  3  tons;  then 
from  its  extremities  A  and  0  draw  lines  respectiyely  parallel  to  M 
and  B^,  such  as  BG  aixd  AB,  intersecting  at  the  point  B.  CAB  will 
be  the  triangle  of  forces.  For  equilibrium  the  directions  of  these 
forces  mu^t  be  continuous  around  this  triangle;  and  as  CA  acts 
downward,  the  other  two  must  act  in  directions  shown  by  the  arrow- 
heads. Knowing  w  and  iZ,,  and  the  direction  of  R,  we  can  find  R 
and  its  direction,  or  vice  versa.  In  other  words,  if  any  two  of  the 
forces  are  known  and  the  angle  between  any  two  of  them,  or  if  one 
of  the  forces  and  the  angles  between  it  and  the  other  two  be  known, 
the  remaining  forces  and  angles  can  be  found. 

Having  then  the  triangle  of  forces  CAB,  in  which  CB  repre- 
sents the  reaction  at  the  joint  2,  and  observing  that  at  the  joint  2 
there  are  three  and  only  three  forces  acting,  namely,  the  reaction 
jB,  and  the  stresses  in  the  members  C  and  B,  and  these  being  in 
equilibrium,  they  must  be  respectively  proportional  to  the  sides  of 
a  triangle  parallel  to  their  directions.  Therefore  from  C  and  B, 
Fig.  66,  draw  lines  parallel  to  the  members  C  and  B,  Fig.  64,  inter- 
secting at  0,  Fig.  66.  OC  will  then  represent  the  stress  in  the  piece 
(7  and  OB  the  stress  in  the  piece  B,  In  the  triangle  OBC,  BCia 
known,  and  all  the  angles;  hence  0(7 and  OB  can  be  found.  Again, 
at  the  joint  3,  Fig.  64,  the  three  forces  i?,  and  the  stresses  in  A  and 
B  are  in  equilibrium,  and  can  be  represented  by  the  triangle  OAB, 
Fig.  66,  from  which  OA  and  OB  can  be  found. 

It  will  be  observed  that  OB  is  common  to  the  two  triangles 
OCB  and  OB  A.  Again,  at  the  joint  1,  Fig.  64,  it  will  be  seen  that 
the  load  w  and  the  stresses  in  A  and  C  are  the  only  forces  acting. 
These  then  must  be  represented  by  the  triangle  OAC,  Fig.  66. 

We  find,  then,  that  at  each  of  the  joints  1,  2,  and  3  there  is  a 
triangle  representing  the  external  force  and  the  two  stresses  in  the 
members  meeting  at  that  joint;  and,  that  all  of  the  lines  repre- 
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sen  ting  the  stresses  OA,  OB,  and  00  meet  at  a  common  point  0. 
This  constitutes  a  stress  diagram,  and  in  each  of  the  triangles  in 
this  diagram  a  sufficient  number  of  parts  are  always  known  to 
find  the  remaining  parts,  whether  they  be  angles  or  stresses,  the 
lines  representing  the  stresses  being  to  the  same  scale  as  that 
adopted  for  the  first  line  known  and  drawn,  yiz.,  CA. 

Further,  in  each  of  the  triangles  the  direction  of  the  action  of 
one  of  them  is  known,  and  for  equilibrium  the  direction  of  the 
action  of  the  others  must  be  continuously  around  that  triangle  as 
indicated  by  the  arrow-heads.  OB  acts  to  the  right  considered  as 
a  part  of  the  triangle  OCB,  and  to  the  left  as  a  part  of  OAB. 

These  considerations  and  relations  are  of  the  greatest  impor- 
tance, and  should  be  thoroughly  understood.  They  underlie 
the  essential  and  fundamental  principles  applicable  to  all  framed 
structures. 

212.  The  direction  of  action  of  the  stress  lines  in  the  stress 
diagrams,  when  transferred  to  the  members  of  the  frame  to  which 
they  are  parallel,  determines  the  kind  of  stress  in  those  members. 
Referring  now  to  Fig.  61,  we  see  that  when  the  members  are  under 
tension  the  direction  of  the  forces  or  stresses  is  outward  from  the 
joint  under  consideration,  as  is  also  shown  in  the  piece  AB,  Fig. 
63.  But  in  Fig.  62  and  in  the  piece  AC,  Fig.  63,  the  forces 
or  stresses  act  inward  towards  the  joint,  and  indicate  a  compres- 
sion. 

Applying  these  principles  to  the  members  of  the  triangular 
truss.  Fig.  64,  we  find  that  the  stress  CO,  Fig.  66,  acts  inwards  to- 
wards the  joint  2,  indicating  a  compressire  stress  on  the  piece  C, 
and  OB  acts  outwards  from  the  joint  2,  indicating  a  tensile  stress 
in  the  piece  B.  Similarly  for  the  joint  1,  where  the  triangle  of 
stress  is  CO  A,  Fig.  66 :  as  IT  acts  downward,  A  0  acts  to  left  or 
upwards  on  the  piece  A  towards  joint  1,  and  OC  acts  upwards 
to  the  joint  1,  indicating  a  compressive  stress  in  each  piece,  A 
and  C,  meeting  at  joint  1.  Similarly  for  the  joint  3:  OB,  forming 
a  part  of  the  triangle  OB  A,  acts  away  from  the  joint  3,  indicating 
tension  on  the  piece  B,  as  before  found,  and  OA  acts  towards 
3,  indicating  compression  in  the  piece  A.  It  is  to  be  carefully 
noted  that  stress  lines  in  stress  diagrams  have  different  directions 
of  action,  depending  upon  the  directions  of  the  other  lines  of 
action  in  the  same  triangle,  viz.,  the  line  0(7,  forming  a  part  of  the 
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triangle  OCBy  which  is  the  stress  diagram  for  the  joint  2,  acts 
from  6^  to  0,  because  i^Cacts  from  B  to  C\  but  the  same  line  OC 
forming  a  part  of  the  stress  diagram  CO  A  acts  from  0  to  C,  because 
CA  acts  from  Cio  A\  but  it  acts  inwards  towards  2  in  the  first  case, 
and  inwards  towards  1  in  the  second  case^  thereby  indicating,  as  it 
should  do,  compression  in  the  piece  A  in  both  cases,  and  of  the 
same  amount.  A  failure  to  understand  and  carry  these  facts  in 
mind  is  the  main  difficulty  encountered  in  studying  and  applying 
the  graphical  method  to  the  determination  of  stresses  and  strains 
in  bridge  and  roof  trusses,  or  framed  structures  in  general. 

As  aU  of  the  triangles  in  the  above  case  are  oblique-angled  tri- 
angles, the  trigonometrical  relation  that  sides  of  the  triangles  are 
proportional  to  the  sines  of  the  opposite  angles,  is  the  only  one 
usually  required.  Sometimes  the  two  sides  and  the  included  angle 
are  given,  and  occasionally  the  three  sides  may  be  given,  to  find  the 
remaining  parts,  and  the  appropriate  formulae  must  be  used.  In 
all  cases,  however,  a  sufficient  number  of  parts  are  given  to  find  the 
remaining  ones,  whether  forces  or  angles. 

213.  Recollecting  that  one  of  the  conditions  of  equilibrium  of 
any  system  of  forces  in  the  same  plane  is  that  the  sum  of  the 
horizontal  components  and  the  sum  of  the  vertical  components, 
taken  separately  and  with  their  proper  signs,  shall  be  equal  to  zero. 
Then  decomposing  R  and  R^  into  horizontal  components  H  and 
II ^ ,  and  also  into  vertical  components  v  and  v,,  (see  Fig.  66),  since 
H  and  H^  are  the  only  horizontal  forces  acting,  they,  must  balance 
each  other,  and  consequently  must  be  equal,  as  shown  by  the  dotted 
lines,  Fig.  66;  and  also  the  three  vertical  forces  If,  Vy  and  v^ 
must  also  balance,  or  PF  —  (v  +  v^  =  0.  This  condition  is  also 
shown  by  the  dotted  lines  v  and  v„  and  the  line  CA  representing 
W,  in  Fig.  66.  These  conditions  must  be  true  whatever  may  be  the 
directions  of  R  and  J?„  Fig.  64.  As  these  approach  more  and 
more  nearly  vertical,  the  smaller  will  the  values  of  H  and  H^ 
become,  while  tf  +  v^  remain  the  same.  When  they  become 
vertical  both  H  and  H^  become  zero,  and  v  +  v^  coincides  with 
CA  or  W,  but  acting  in  the  opposite  direction.  The  stress  lines 
CO  and  AO  remain  the  same,  but  the  stress  line  OB  becomes 
less  and  less  and  eventually  OB^.  The  diagram  of  forces  CAB  be- 
comes the  straight  line  CA  acting  downwards,  and  AB  and 
BC  upwards  on  the  same  line.     The  whole  diagram  becomes  as 
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shown  in  Fig.  65,  corresponding  lines  representing  correspond- 
ing stresses;  and  OH  is  a  horizontal  component  common  to 
each  piece  in  the  frame,  and  is  a  compression  in  some  members 
and  a  tension  in  others.  The  reactions  R  and  R^  become  v  and  r^, 
since  H  and  H^  =  0.  When  the  load  and  reactions  are  all  parallel 
and  vertical,  it  is  only  necessary  to  draw  a  vertical  line  to  repre* 
sent  the  total  load,  divide  this  Jnto  two  segments  to  represent  the 
reactions,  and  from  the  upper  and  lower  ends  of  the  line  and  the 
intermediate  points  of  division  draw  lines  parallel  to  the  pieces 
forming  the  frame.  These  lines  will  all  meet  in  one  point,  and 
represent  the  stresses  on  the  members  of  the  frame.  Or,  con- 
versely,  assuming  any  point  0,  and  drawing  lines  to  the  ends  and 
the  point  of  division  of  the  force  diagram,  any  frame  built  with 
its  members  parallel  to  these  lines  will  be  stable,  and  the  lines  will 
represent  the  stresses. 

The  reactions  are  found  when  vertical,  which  is  the  more  com- 
mon condition,  by  the  application  of  the  principle  of  the  lever. 

The  principles  thus  established  for  a  triangular  frame  are 
equally  true  for  a  polygonal  frame  of  any  number  of  sides  or  pieces, 
whatever  may  be  their  lengths  or  relative  directions,  and  when  the 
pieces  are  indefinitely  small  the  polygon  becomes  a  curved  line. 

214.  Taking  a  polygonal  frame  of  any  number  of  sides  as  shown 
in  Fig.  GT^.and  acted  upon  by  any  system  of  forces  applied  at  their 
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several  intersections,  the  diagram  of  forces  and  stresses  are  found  as 
follows.  It  is  immaterial  whether  the  relative  direction  of  the  pieces 
of  the  frame  are  given,  and  the  direction  and  magnitude  of  the  ap- 
plied forces,  to  find  the  kind  and  magnitude  of  the  stresses;  or 
whether  the  latter  are  given,  and  it  is  required  to  find  the  former. 
Let  the  applied  forces  Pj,  P„  P.,  P^,  and  P,  at  the  joints  1,  2, 
3,  4,  and  5  be  given,  and  the  reactions  R  and  R^  at  the  joints  0 
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and  6  be  found ;  and  let  the  directions  of  the  pieces  A,  B,  C,  Dy 
Ey  F,  and  O  with  respect  to  each  other  be  given,  to  find  the  stresses 
in  magnitude  and  direction  in  each  of  the  pieces. 

To  find  the  reactions  R  and  R^ :  In  Fig.  68  draw  a  series  of 
lines  to  any  scale,  such  as  1  inch  to  3  tons,  AB.  BC,  CDy  DE,  and 
EFy  respectively  parallel  to  the  applied  forces.  As  these  lines  do 
not  form  a  closed  polygon,  the  line  Ji-P  necessary  to  close  the  poly- 
gon will  be  the  resultant  of  this  system  of  forces.  This  line  AF 
can  be  readily  found,  since  the  other  sides  and  angles  of  the  poly- 
gon ABCDEFA  are  known.  Having  then  the  direction  and  mag- 
nitude of  AF,  and  assuming  the  directions  of  both  reactions,  or 
the  magnitude  and  direction  of  one  of  them,  we  can  find  the  lines 
A  O  and  FG  representing  the  reactions  R  and  R^  from  the  triangle 
AOF.  This  completely  determines  the  force  diagram  or  polygon 
ABCDEFG, 

If,  then,  lines  be  drawn  from  the  angles  of  this  polygon  parallel 
to  the  pieces  A,  B,  0,  D,  E,  F,  and  G  of  the  frame,  they  will  all 
meet  at  one  point  0,  and  represent  the  kind  of  stress  and  its 
magnitude  to  the  same  scale  used  in  the  force  diagram  in  the 
pieces  to  which  they  are  respectively  parallel.  For  each  joint  in 
the  frame  there  has  been  formed  a  triangle  representing  the  exter- 
nal force  at  that  point  and  the  stresses  in  the  two  members  meet- 
ing at  that  point.  Taking  the  joint  1,  the  triangle  o'f  stress  is 
OABy  Fig.  68.  Since  AB  acts  to  the  right  and  downward,  BO,  rep- 
resenting the  stress  in  the  piece  B,  acts  towards  0  or  inwards  on  the 
piece  B  to  the  joint  1 — hence  it  is  compression;  and  OA  must  act 
from  0  to  ^  or  inwards  on  the  piece  A  to  the  joint  1,  also  showing 
compression.  The  triangle  OBO  applies  to  the  joint  2.  In  this 
triangle  00  ia  the  stress  on  the  piece  C,  and  acts  inwards  on  it 
towards  2 — hence  it  is  compression;  and  OB,  which  acted  towards 
the  left  as  forming  a  part  of  the  triangle  OAB,  now  acts  to  the 
right  as  forming  a  part  of  the  triangle  OBO,  and  acts  inwards 
towards  the  joint  2  on  the  piece  B,  giving  compression,  as  before. 
Each  triangle  must  be  taken  separately,  and  the  direction  of  one 
force  being  given,  the  directions  of  the  other  two  are  found  by 
going  continuously  around  the  triangle  similarly  for  the  other 
joints.  For  the  joint  6  the  triangle  is  OGF,  in  which  FG  is  the 
reaction  at  6,  acting  upwards.  GO  is  the  stress  in  the  piece  G 
and  acting  from  G  to  0  it  acts  outwards  on  the  piece  G  from  the 
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joint  6,  giving  tension  on  piece  6;  OF  acts  downwards  on  the 
piece  F  towards  the  joint  6,  giving  compression  on  F, 

As  all  of  the  members  of  the  above  frame,  Fig.  67,  are  under 
compression,  except  the  piece  O,  which  is  under  tension,  flexible 
members  cannot  be  used,  except  for  the  piece  G,  If  this  frame 
should  be  turned  upside  down,  or  revolved  through  180^  of  arc, 
the  kinds  of  stress  would  be  reversed  in  each  of  the  members.  A^ 
B,  C,  Dy  Ey  and  F  becoming  tension  members,  can  be  made  of 
ropes,  links,  bars,  or  chains;  whereas  the  piece  Q  being  under-com- 
pression  must  be  of  such  form  as  would  give  requisite  stiffness. 
This  condition  is  shown  in  Fig.  69.  The  same  force  and  stress 
diagram.  Fig.  68,  still  applies.  The  directions  of  the  stresses 
would,  however,  act  outward  from  the  joints,  indicating  tension, 
except  in  the  piece  &,  where  it  would  act  inwards  towards  the  joints 
0  and  6,  indicating  compression. 

The  whole  frame  in  this  case  is  called  a  funicular  polygon.  It 
is  also  a  line  of  resistance.  The  broken  line  0, 1,  3,  3,  4,  5,  and  6, 
Fig.  67,  is  sometimes  called  the  "equilibrium  polygon."  If  this 
polygon  is  made  up  of  an  indefinite  number  of  short  lines  it  becomes 
a  curve,  such  as  the  arc  of  a  circle,  parabola,  or  catenary.  In  this 
case  the  lines  of  stress  in  Fig.  68  are  tangents  to  the  curves,  and 
represent  the  stresses  at  the  tangent  points;  and  the  line  represents 
the  cable  of  a  suspension-bridge. 

215.  The  reverse  of  the  above  conditions  is  to  assume  that  the 
direction  and  magnitudes  of  the  stresses  are  known,  and  to  find  the 
directions  of  the  pieces  of  the  frame  and  the  magnitudes  and  direc- 
tions of  the  external  forces  P, ,  P, ,  etc.,  and  R  and  ^, .  In  Fig.  68, 
assuming  any  point  0,  draw  a  series  of  lines  OA,  OB,  00,  OD, 
OE,  OFy  and  00,  each  representing  the  known  stresses  to  any 
scale.  These  represent  the  stress  diagram.  Then  join  the  extremi- 
ties of  these  lines  by  AB,  BO,  CD,  DE,  EF,  FO.eLud  GA.  This 
forms  the  force  polygon,  and  in  each  of  the  triangles  thus  formed 
one  angle  and  the  two  including  sides  are  given  to  find  the  other 
side  and  angles.  If,  then,  a  frame  be  constructed,  the  sides  of 
which  are  respectively  parallel  to  the  stress  lines  and  the  forces 
parallel  to  the  sides  of  the  force  polygon  and  proportional  in  mag- 
nitude to  them,  they  will  be  the.  forces  to  be  applied  in  order  to 
produce  equilibrium.    The  above  discussion  gives  all  of  the  condi- 
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tions  and  principles  connected  with  the  general  solution  of  the 
problem. 

If  all  of  the  external  forces  are  vertical  and  parallel,  all  hori- 
zontal components  of  the  force  polygon  ABCDEFQA  become 
zero,  the  force  lines  become  vertical  and  are  projected  into  the 
vertical  line  AF^  and  the  force  polygon  becomes  a  straight  line. 
The  sum  of  the  applied  forces  is  equal  to  the  line  AF^  each  line  fol- 
lowing the  other  and  acting  downwards,  balanced  by  the  two  reac- 
tions acting  upward,  thereby  closing  the  polygon.  The  stress  lines 
radiating  from  the  point  0  and  intersecting  the  vertical  line  at  the 
points  of  division  determined  the  magnitude  of  each  stress  taken 
separately. 

216.  The  more  common  case  occurs  under  the  last  conditions; 
and,  in  addition,  the  line  or  piece  G  is  horizontal. 

The  following  are  the  trigonometrical  relations  existing  between 
external  forces  and  the  stresses  developed  in  the  different  members. 
Having  explained  the  principles  by  which  the  force  polygon  passes 


Fig.  70. 


Fig.  72. 


Fig.  71. 


Fig.  74. 


into  a  straight  line  consisting  of  forces  acting  downward,  and  an 
equal  aggregate  total  amount  of  force  acting  upward  and  balancing 
the  aggregate  force  acting  downward,  the  usual  method  of  con- 
structing the  diagram  will  be  first  explained,  and  then  the  mathe- 
matical relations  will  be  found.  The  frame  and  the  loads  are 
usually  given  to  find  the  stresses.    Figs.  70  and  71  represent  the 
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frame  and  the  stress  diagram^  respeetiyely,  for  a  triangular  truss 
with  a  centre  load  at  the  apex^  joint  1.  Taken  at  3000  Ibs.^  the 
reactions  R  and  R^  will  then  be  equals  and  each  equal  to  1500  lbs. 
In  Fig.  71  lay  off  a  vertical  line,  CA,  downwards  equal  to  3000  lbs., 
then  upwards  from  A  to  the  centre  By  A  B  to  represent  1500  lbs., 
and  BC  also  1500  lbs.  Using  a  scale  of  2000  lbs.  to  the  inch,  CA 
will  be  1^  inches,  and  AB  and  BC  each  three-fourths  inch.  If  the 
stress  lines  are  laid  off  to  the  left  of  CA,  AB  will  be  /?,  and  BC 
will  be  R.  If  to  the  right,  then  AB  will  be  R  and  BC  will  be  /?,. 
Then  from  C,  By  and  A  draw  lines  parallel  to  the  pieces  Ay  B,  and 
(7,  respectively.  They  will  meet  at  a  common  point  0,  and  repre- 
sent the  stresses  to  the  same  scale.  In  this  case  OC  and  OA  scales 
off  \^  inch,  equal  to  2000  X  l-|^j  =  2125  lbs.,  which  are  the  stresses 
in  the  pieces  A  and  C.  Taking  the  triangle  OCA  for  the  joint  1, 
CA  acts  downwards,  A  0  acts  inwards  towards  the  joint  1  on  the 
piece  Cy  and  0(7  acts  inwards  on  the  piece  A  to  the  joint  1;  hence 
the  stress  in  each  is  compression. 

Taking  the  triangle  GAB  for  the  joint  2,  AB  or  R^  acts  upward, 
hence  BO  acts  to  the  left  or  outward  from  the  joint  2  on  the  piece 
By  indicating  tension  on  B.  OA  acts  to  the  right  and  downwards, 
or  inwards  towards  the  joint  2  on  C;  hence  compression,  as  before 
found. 

The  triangle  OBC  for^the  joint  0,  BC  acts  upwards,  and 
CO  acts  from  C  to  0,  or  inwards  on  the  piece  A  towards  the  joint 
0;  hence  compression,  as  before  found,  and  OB  acts  from  0  to  By 
or  outwards  from  the  joint  0  on  the  piece  B'y  hence  tension,  as 
before  found.  This  line  OB  scales  off  i  inch,  and  2000  X  i  = 
1500  lbs-  tension  in  piece  B.    In  the  triangle  OCB  we  have 

nn       ^B  ^-,        BC  ^.        AB  ^^         BA  ,,,, 

OC  =  - — --y  OB  =  T ;  OA  =  -. ,  OB  =  7 .  (64) 

sm  a  tang  a  sin  or,  tang  a,  ^     ' 

• 

In  the  case  taken  the  angles  a  and  ar,  are  equal;  OC  =  OA  and 
OB  =  BC  =  BA.  If,  however,  they  are  unequal,  let  the  piece  C 
be  longer  than  the  piece  Ay  as  shown  by  .the  dotted  line  (7,.  The 
load  at  joint  1  is  the  same  as  before.  Precisely  the  same  formulae 
hold  true, as  shown  in  Fig.  72;  but^^  and  BC  are  not  equal;  and 
will  vary  in  proportion  to  the  lengths  of  the  lines  or  pieces  A  and 
Cy  inversely y  as  R  :  R^  ::  C :  A  ::  OB  :  B2', — which  is  nothing 
more  than  the  principle  of  the  lever.     If  05  is  i  of  02',  then  R 
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will  be  I  of  the  load  at  the  joint  1,  and  jB/  will  be  only  i.  Then 
in  Fig.  72,  making  GA  =  3000  lbs.,  R/  =  A£  will  be  1000  lbs., 
and  R  =  BC=  2000  lbs.  It  will  be  noted  in  this  case  that  the 
stress  line  CO  is  longer  than  the  stress  line  OA,  The  stress  line 
OB  is  increased  in  length,  but  its  value  from  either  triangle  OBA 
or  OBC  is  the  same.  AB  is  less  and  BC  is  more;  but  the  tan- 
gents of  the  angles  a  and  a^  vary  in  the  same  proportion,  conse- 
quently the  results  are  the  same.  If  the  angles  a  and  a^  become 
smaller  and  smaller,  the  distance  02  or  02'  between  their  lower 
extremities  either  remaining  the  same  or  increasing,  the  greater 
will  the  stress  lines  become  with  the  same  apex  load.    This  is 

HR  AB 

evident  when  we  recollect  that  0(7  =  -; — r,  OA  =  — ,  OB  = 

sin  a  sin  a^ 

,  and  OB  =  r are,  respectively,  the  same  as  0(7  = 


tang  a/  tang  a 

"^s^  "^  "^ = ^*i!^'  --' '™"'  ^*  ™'  ^'  = 

(7 sin  oTj,  .'.  sin  a,  =  -yr5  aiid^l  =  A  sin  a,  .*.  sin  a  =  — .  Sub- 
stituting the  values  of  sin  a  and  sin  «r, ,  we  find  the  above  results. 
And,  similarly,  Bl  =  OB  tang  a  and  Bl  =  B2  tang  a, ,  from  which 

tang  a  =  j^d  ^^^  ^^^S  ^i  =  ^-     These  substituted  for  tang  a 

fin  R^ 

and  tang  nr,  give,  respectively,  OB  =  ^^"d?  *^^  ^^  —  ^^^fPi'^  ^^' 

in  other  words,  knowing  the  load  transmitted  through  any  mem- 
ber, the  stress  is  found  by  multiplying  the  load  or  reaction  by  the 
length  of  the  piece  and  dividing  by  the  depth  of  the  truss.  Hence 
the  longer  the  member  and  the  smaller  the  vertical  reach  or  rise  of 
the  member  the  greater  will  be  the  stress. 

For  the  polygonal  frame  and  its  stress  and  force  diagram  the 
construction  is  the  same.  (See  Figs.  73  and  74.)  First  lay  off  a 
vertical  line  composed  of  the  separate  loads  at  the  joints  1,  2,  3,  4, 
5,  AB,  BC,  GDy  DE,  DF.  Then  returning  upwards  the  two  reac- 
tions iZ,  and  R^ ,  equal  tq  FO  and  GA  respectively,  the  radiating 
lines  drawn  from  the  ends  A  and  F,  and  the  intermediate  points 
parallel  to  the  several  pieces  of  the  frame,  Fig.  73,  will  meet  in  a 
common  point  0. 

0A=4^-;     OB  =  M-;    00  =  -^;    .'.     (65) 
sm  a  sm  a,  sin  at,  ^    ' 
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a,  or,  y  and  a,  being  the  angles  made  by  the  respective  pieces  with 
the  horizontal.  AG  =  R,;  B0:=  B,- P,;  00  =  R,'-(F,  +  PJ, 
etc.  If  the  truss  is  symmetrical  and  S3nnmetrically  loaded^  the 
corresponding  stress  lines  in  the  lower  half  of  the  diagram.  Fig.  7i, 
will  have  the  same  values.  The  horizontal  stress  OB  will  be  the 
same  no  matter  which  triangle  it  may  be  taken  from;  hence 

0(?  =  -^^=--^^ (66) 

tang  a      tang  a  ^    ^ 

will  be  sufScient.  The  same  remarks  made  in  the  discussion  of  the 
triangular  frame  in  regard  to  the  diminution  in  the  values  of  a,  a^  y 
and  a^  as  increasing  the  stresses^  ^PP^J  &lso  in  the  polygonal  frame, 
and  need  not  be  repeated. 

It  will  be  also  noted  that  the  system  of  notation  adopted  is 
simple,  and  assists  in  locating  any  stress  triangle  for  its  appropriate 
joint.  For  example,  the  triangle  for  the  joint  2  is  OBOy  the  load 
BO  in  the  force  polygon  being  the  one  applied  to  the  joint  2 
between  the  pieces  B  and  0.  Similarly  OEF  for  the  joint  5,  EF 
being  the  load  between  the  pieces  E  and  F\  and  for  the  joint  0 
the  triangle  OA 0,  AG  being  the  reaction  R^  at  0,  between  the 
pieces  A  and  0\  and  so  on.  The  direction  of  the  action  of  the 
stress  lines  OAy  OB,  00,  OG,  etc.,  as  indicating  the  kind  of  stress 
in  each  piece  of  the  frame,  should  be  traced  out  for  each  triangle, 
recollecting  that  its  direction  of  action  will  change  from  triangle 
to  triangle  when  the  same  line  forms  a  part  of  different  triangles. 

In  any  of  the  frames  the  single  line  0  2,  0  6,  and  so  on,— improp- 
erly called  a  tie-beam,  as  it  may  be  flexible,  like  a  rope  or  chain, — 
and  the  compression  line  0  6  in  the  funicular  polygon  may  be 
omitted;  but  the  walls  or  abutments  at  the  extreme  ends  must  be 
able  to  take  up  the  stress,  whether  tension  or  compression,  that  has 
been  found  to  exist  in  this  member  when  inserted. 

217.  Stability  consists  in  the  fulfilment  of  the  first  and  second 
conditions  of  equilibrium  of  a  structure.  (See  paragraphs  193  and 
194.)  If  a  bar  be  free  to  change  its  angular  position,  then  if  a  tie 
it  is  stable;  if  a  strut  it  is  unstable,  but  may  be  made  stable  by  fix- 
ing its  ends,  A  structure  wanting  in  stability  gives  way  by  the 
displacement  of  its  pieces  from  their  proper  position. 

Stability  should  exist  not  only  under  one  condition  of  loading. 
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but  under  reasonable  variatioiiB  in  the  loading,  and  each  bar  or 
member  should  be  stable. 

The  external  forces  applied  to  a  polygonal  frame  so  as  to  pro- 
duce equilibrium  considered  as  an  entire  system,  may  be  distrib- 
uted in  a  manner  not  consistent  ^ith  the  equilibrium  of  each 
bar  taken  separately.  It  then  becomes  necessary  to  introduce  pieces 
called  braces  connecting  any  two  joints  not  contiguous.  These 
supply  the  forces  necessary  at  the  joints  to  produce  the  equilibrium 
of  each  bar. 

These  braces  may  be  either  struts  or  ties.  They  introduce  two 
equal  and  opposite  forces,  which  cannot  therefore  alter  the  result- 
ant of  forces  applied  to  that  pair  of  joints  in  amount  nor  in  position, 
but  only  the  distribution  of  the  components  of  that  resultant  on  the 
two  joints  so  connected.  The  triangle  is  the  only  geometrical 
figure  the  relatiye  angular  position  of  whose  sides  cannot  be 
altered  within  the  limits  of  strength  of  its  sides.  The  introduc- 
tion of  braces,  then,  is  simply  to  subdivide  a  many-sided  polygon 
into  a  series  of  triangles  connected  together,  and  hence  the  triangle 
is  the  frame  or  truss  element.  A  polygonal  frame  of  more  than 
three  sides  may  change  its  form  without  altering  the  lengths  of  its 
sides.  A  rectangle  may  be  flattened  out  into  various  parallelograms 
with  the  same  base  and  various  altitudes. 

The  polygonal  frame  Fig.  73  might  be  changed  into  a  triangle 
or  a  four-sided  figure;  but  if  in  this  case  braces  be  introduced  join- 
ing the  joints  0, 2,  2, 4,  4, 6,  2, 6,  and  4, 0,  no  piece  could  change  its 
relative  angular  position  within  its  limit  of  strength ;  or  if  1, 6,  5, 0, 
and  2, 4  be  connected  by  braces,  the  stability  of  the  frame  in  the 
plane  of  the  frame  will  be  secured ;  or  if  in  the  case  of  a  rectangle 
diagonal  braces  be  introduced,  the  frame  will  be  stable. 

None  of  these  frames  are,  however,  stable  laterally.  They  may 
fall  or  be  blown  over  as  a  whole  unless  held  in  position.  The 
necessity  of  introducing  braces  will  always  be  indicated  in  the 
stress  diagrams  by  gaps,  which  must  be  closed  by  lines  giving  the 
magnitude  and  direction  of  the  stress  in  the  braces,  and  by  conse- 
quence the  position  and  direction  of  the  braces  themselves. 

218.  A  simple  illustration  of  the  necessity  of  introducing  braces 
in  a  polygonal  frame  is  given  in  Figs.  75  and  76.  Fig.  75  repre- 
sents a  frame  composed  of  five  pieces.  A,  B,  C,  D,  and  E,  loaded 
with  a  single  weight  at  the  apex  or  joint  1,  the  members  being 
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symmetrically  arranged  with  reepect  to  a  vertical  line  through  joint 
1.  The  load  being  at  the  centre  of  the  span,  the  reactions  R  and 
R^  will  be  equal,  and  each  equal  to  one  half  of  the  total  load.  The 
force  polygon  Fig.  76  is  formed  by  laying  off  a  vertical  line  EA 
to  represent  the  total  load  at  1.  AB  acts  upwards  to  represent 
iJ,  and  DE  =  AB  upwards  for  R.  Then  for  the  joint  0  draw 
Ee  and  Dd  parallel  to  the  pieces  E  and  D  of  the  frame,  for  the 
joint  2  draw  Aa  and  Bb  parallel  to  the  pieces  A  and  B,  and  for 
the  horizontal  member  C  draw  an  indefinite  horizontal  line  Cc, 
These  radiating  lines  do  not  meet  in  one  point.  Equilibrium 
requires  a  closed  triangle  or  polygon  representing  the  stresses  and 
forces  at  each  joint  in  order  to  secure  the  stability  of  each  bar. 


B.C,0 


Fig.  76. 


Fig.  76. 


The  diagram  with  full  lines  gives  a  triangle  for  the  joints  0  and  2, 
but  there  are  no  closed  triangles  or  other  polygon  for  the  joints  1, 
3,  and  4.  Stress  lines  must  then  be  introduced  in  the  diagrams. 
The  choice  of  the  precise  directions  for  these  lines  is  entirely  arbi- 
trary, provided  the  pieces  introduced  are  parallel  to  these  lines  and 
the  lengths  of  the  members  D,  C,  B  are  proportioned  so  that  the 
braces  may  join  the  joint  1  with  the  joints  3  and  4.  As  this  might 
introduce  a  want  of  symmetry  or  other  objectionable  feature,  it  is 
usual  to  fix  upon  the  lengths  of  the  pieces  i),  C,  and  B,  thereby 
fixing  the  position  of  the  joints  3  and  4,  and  introduce  the  braces 
1,  4  and  1,  3  as  shown  by  the  dotted  lines  in  Pig.  75,  drawing  lines 
in  the  stress  diagram  ac  and  dc  parallel  to  them  and  intersecting 
the  horizontal  stress  line  at  c. 

Then  ac  represents  the  stress  in  1,  3 ;  dc  the  stress  in  1,  4 ;  and 
Cc  the  stress  in  the  piece  C,  Then  for  every  joint  there  will  be  a 
closed  stress  triangle  or  polygon. 


Joints 0 

Polygons DEeD 


EAaceE 


2 
ABbA 


3 
BcbB 


4 
DcdD 
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It  is  well  to  note  that  although  equilibrium  requires  the  stress 
polygon  to  close^  it  does  not  require  it  to  be  a  regular  polygon  with 
all  salient  angles.  There  may  be  re-entrant  angles^  and  the  stress 
lines  may  cross  each  other,  as  seen  by  following  the  stress  lines 
EAaceEy  forming  a  closed  polygon. 

Although  the  principles  upon  which  the  kinds  of  stress  in  each 
piece  are  determined  have  been  fully  explained,  the  importance  of 
not  only  a  clear  understanding  of  them,  but  a  facility  in  making 
these  determinations  will  justify  the  repetition,  as  confusion  and 
error  often  result  in  applying  this  method,  called  the  Graphical 
Method,  of  determining  stresses  from  a  want  of  clearness  on  this 
subject.     See  paragraphs  212  and  214. 

For  the  joint  0  the  stress  angle  is  DEeD,  Since  DE  represents 
the  reaction  R  it  acts  upwards;  hence  Ee,  the  stress  in  the  piece  E^ 
acts  inwards  on  it  towards  the  joint  0,  and  consequently  the  stress 
is  one  of  compression. 

De,  the  stress  in  the  piece  D,  then  acts  to  the  right  or  outwards 
from  the  joint  0,  hence  the  stress  is  one  of  tension;  and  similarly 
for  the  joint  2.  The  stress  polygon  for  the  joint  1  is  EAaceE;  then 
EA,  the  load  at  1,  acts  downwards;  A  a,  the  stress  in  piece  A,  acts 
upwards  to  the  left,  hence  inwards  on  the  piece  A  towards  the  joint 
1,  and  so  compression ;  ac,  the  stress  in  1, 3,  acts  downwards  towards 
the  right  or  away  from  joint  1,  hence  the  stress  is  one  of  tension; 
ce  also  acts  downwards  to  the  left  or  outwards  on  1,  4  from  the 
joint  1,  hence  tension;  Ee  acts  upwards  towards  the  right  or  inwards 
on  the  piece  E  towards  the  joint  1,  hence  compression.  Ee,  as  form- 
ing a  part  of  the  triangle  EeD,  acts  towards  the  left,  but  as  a  part  of 
the  cross  polygon  it  acts  towards  the  right,  and  in  both  cases  indi- 
cates compression  on  the  piece  E;  and  similarly  for  other  stress 
lines. 

219.  The  preceding  discussions,  as  regards  the  equilibrium  or 
balance  of  any  system  of  forces  in  one  plane,  the  relations  between 
the  externally  applied  forces,  and  the  kind,  magnitude,  and  direc- 
tions of  the  stresses  developed,  embody  all  of  the  essential  principles 
required  in  the  solution  of  all  problems  connected  with  forces, 
stresses,  and  stability  in  framed  structures.  The  same  force  and 
stress  polygons  are  required,  whether  it  be  desired  to  use  the  trigo- 
nometrical or  graphical  methods  in  their  determination.  In  the 
trigonometrical  solutions  the  diagrams  are  not  drawn  to  scale;  the 
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relative  dimensions  are  calculated  from  the  known  lengths  and 
angles  by  means  of  the  simple  formulsB  for  the  solution  of  triangles, 
for  which  the  diagrams  give  sufficient  data,  whether  the  external 
forces  are  parallel  or  inclined.  This  method  for  the  simpler  and 
less  complex  frames  is  the  easiest,  most  desirable,  and  accurate. 

For  the  more  complex  frames  the  graphical  methods  are  far 
more  simple  and  require  much  less  labor.  But  absolute  dependence 
must  be  placed  upon  the  accuracy  with  which  the  diagrams  are 
made  to  a  proper  scale.  An  error  made  in  one  part  will  be  carried 
entirely  through  the  diagrams,  which  consist  of  a  series  of  lines, 
triangles,  and  polygons  built  one  on  the  other  and  each  dependent 
upon  the  other.  The  method  is,  however,  used  to  a  great  extent, 
especially  with  complicated  frames.  With  care  the  results  will 
agree  closely  with  those  determined  by  the  more  troublesome  calcu- 
lations, and  usually  near  enough  for  practical  purposes.  The  re- 
sults should  be  checked  occasionally  by  exact  calculations  in  order 
to  avoid  errors  and  confusion. 

The  preceding  discussions  have  been  entered  into  without  any 
reference  to  the  strength  and  stiffness  of  the  pieces  composing  the 
structure. 

The  subject  of  stability  of  block-work  structures,  such  as 
masonry  piers,  abutments,  and  arches,  will  be  discussed  under  their 
appropriate  heads. 

That  of  fixed  and  rigid  connections  of  joints,  involving  the 
questions  of  strength  and  stiffness,  will  be  considered  in  another 
article. 

Certain  more  complicated  structures,  as  bridge  and  roof  trusses 
or  frames,  will  be  further  discussed  in  another  article. 


ART.  XXIII. 

SHEARS  AND  BENDING  MOMENTS  ON  GIRDERS  AND  BEAMS. 

220.  Th:b  principles  discussed  and  formul©  deduced  in  this 
article  are  also  entirely  independent  of  the  material  and  the  dis- 
tribution of  the  material  in  the  cross-section  of  the  beams,  being 
the  same  for  timber,  iron,  or  stone,  and  for  solid,  hollow,  or  any 
other  form  of  cross-section,  and  are  dependent  entirely  upon  the 
lengths  of  the  beams,  the  manner  of  supporting  or  fixing  their  ends. 
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and  upon  the  magnitude  and  distribution  of  the  load,  that  is, 
whether  loaded  at  a  single  point  or  at  several  points,  or  uniformly 
loaded  Qver  a  part  of  its  length  or  over  its  entire  length,  or,  finally, 
a  combination  of  these  systems  of  loading. 

Bending  moments  are  often  combined  and  associated  with 
direct  compression  on  the  same  member,  as  in  long  struts  or  col- 
umns, and  also  in  the  chords  of  trusses  under  certain  conditions  of 
loading  and  arrangements  of  the  member.  Where  practicable  it  is 
well  to  avoid  this  combination  of  bending  and  dii*ect  stress. 

Beams  are  horizontal  or  inclined  pieces  of  any  material,  such 
as  wood  or  iron,  that  are  acted  upon  by  forces,  generally  weights 
resting  on  its  top  or  suspended  from  it.     They  may  be  fixed  at  one 
end  and  free  at  the  other,  in  which  case  they  are  called  cantilevers; 
or  they  may  be  supported  only  or  fixed  at  both  ends;  or  they  may 
be  continuous  over  three  or  more  supports.    The  conditions  of 
strain  will  be  different  in  each  case.    Again,  they  may  be  loaded 
at  any  single  or  isolated  point  or  at  a  series  of  points;  or  they  may 
be  uniformly  loaded  over  the  whole  or  a  part  of  their  length.    The 
strength  of  any  given  beam  varies  with  each  of  the  above  con- 
ditions.   The  only  cases,  however,  that  will   be  considered   here 
are :  first,  a  beam  or  cantilever  fixed  at  one  end  and  loaded  at  the 
other,  or  uniformly  loaded  over  its  entire  length ;  and,  second,  a 
beam  supported  at  both  ends  and  loaded  with  a  single  weight  at 
the  centre,  or  uniformly  loaded  over  its  entire  length.    But  as  the 
greatest  effect  of  the  load  is  what  we  wish  to  determine  in  any 
case,  only  two  cases  of  loading  are  really  necessary  to  consider,  for 
the  effect  of  a  uniform  load  is  the  same  as  that  of  half  its  amount 
concentrated  at  the  end,  or  at  the  centre  of  the  beam;  or,  in  other 
words,  a  beam  that  will  carry  safely  a  given  concentrated  load  at  its 
end,  or  centre  when  supported  at  both  ends,  will  carry  safely  twice 
that  load  when  uniformly  distributed  over  its  entire  length. 

221.  In  either  case  the  load  produces  a  bending  action  on  the 
beam,  and  if  sufficiently  great  wiU  break  the  beam  crosswise  or 
transversely  to  its  length.  This  necessarily  requires  both  the  ele- 
ments of  force  or  weight  and  a  distance  or  lever-arm,  and  the  prod- 
uct of  these  two  elements  is  called  a  moment,  and  as  applied  to 
beams  the  bending  moment,  or  moment  of  the  external  forces.  A 
moment  necessarily  involves  what  is  called  a  couple  in  mechanics, 
which  may  be  defined  as  two  equal,  parallel,  and  opposite  forces  act- 
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mg  in  the  same  plane  but  not  in  the  same  straight  line.  The  per- 
pendicular distance  between  these  forces  is  called  the  lever-arm  of 
the  couple,  and  the  moment  of  the  couple  is  the  product  of  one  of 
the  parallel  forces  by  the  perpendicular  distance  between  them. 
Then,  as  applied  to  beams,  we  have  in 
the  first  case  a  weight  W  acting  at  the 
end  of  the  beam,  and  an  equal  upward 
force  at  the  point  of  support,  constitut- 
ing the  couple,  the  lever-arm  of  which  ^^b i * 

is  /,  and  the  bending-moment  WL    If  ^^ 

the  load  W  is  uniformly  spread  over 

the  beam,  as  represented  by  the  shaded  Fig.  77. 

rectangles  on  top  of  the  beam,  the  maximum  bending  action  would 

be  the  same  as  if  ^W  were  placed  at  the  free  end,  and  in  this 

Wl 
case  the  bending-moment  would  be  — -.     In  addition  to  this  bend- 

<w 

ing  action,  which  we  see  would  gradually  increase  from  the  end  to 
the  point  of  support  where  it  is  the  greatest  possible,  it  is  evident 
that  the  load  must  be  transmitted,  as  it  were,  from  A  to  B,  and  con- 
sequently it  would  tend  to  cut  or  sever  the  beam,  in  each  success- 
ive position,  along  certain  planes.  This  is  called  the  shearing 
force,  and  for  a  beam  loaded  at  the  end  it  would  be  constant  at 
every  point  and  equal  to  W.  But,  as  will  be  easily  seen,  when  uni- 
formly loaded  the  shearing  force  is  nothing  at  the  extreme  free  end 
A,  but  gradually  increases  as  each  successive  weight  is  added  until 
it  reaches  a  maximum  at  B  equal  to  W=w-{-W'\'W-\-W'\-Wy 
etc.  In  the  first  case  it  can  be  represented  by  the  ordinates  of  a 
*  rectangle,  and  in  the  second  by  the  ordinates  of  a  triangle.  (See 
Fig.  77.) 

222.  The  beam  ABy  supported  at  both  ends  and  loaded  with 
_jj^__ ^y^^  the  weight  TTat  the  centre,  is  evi- 


•icur  tt^-ictglw  ig  W  to  to_  p 


Mi 


XI     y  XJ      i 

XW         ♦ 
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dently  in  the  same  condition  as  two 

beams  fixed  at  the  centre  (7,  and 

pulled  upwards  at  the  two  points  of 

support  ^and  5  by  a  force  equal 

to  i  W,  in  which  case  the  bending 

Fio.  78.  moment  at  the  centre  would  be 

\Wy.  \l^\Wly  the  force  W  being  conceived  to  be  divided  into 

the  two  forces  i  FT,  forming  the  two  couples,  the  one  a  left  and  the 
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other  a  right  hande<J  couple,  and  the  moment  of  either  couple  being 
the  bending-moment  at  the  centre  G,  where  it  is  a  maximum.  For 
the  uniform  load  we  may,  as  bef ore^  assume  \  W  concentrated  at  the 
centre,  in  which  case  the  forces  of  the  couple  would  be  i  FT  and 
the  lever-arm  ^l,  and  the  bending  moment  equal  to  i  PF  X  iZ  =  i  W7, 
W  being  equal  to  tol^  and  ^  Wl  =  ^V.  Or  we  may  proceed  as 
follows :  The  upward  forces  at  A  and  B  are  called  the  reactions  at 
the  points  of  support.  We  would  then  have  for  the  moment  of  the 
reactions,  with  respect  to  an  axis  through  (7,  i^  W^  X  i?  =  i  Wl,  a  right- 
handed  couple.  The  weight  between  A  and  C  =  -J^  TT,  and  being  uni- 
formly distributed  its  resultant  would  act  half-way  between  A  and 
Gy  or  at  a  distance  jrfrom  (7;  hence  its  moment  with  respect  to  G 
would  be  i  PT  X  i^  =  i  Wl,  a  left-handed  couple,  and  consequently 
the  resultant  moment  at  G  would  hQ^Wl  —  ^Wl  =  ^Wl  =  iwP.  For 
the  shearing  force  in  the  first  case  we  have  the  reaction  at  ^  =  the 
shearing  force,  which  would  be  constant  and  equal  to  i  W  until  the 
centre  is  reached,  where  it  would  suddenly  be  cancelled  and  mado 
=  0  by  the  downward  weight  at  (7.  The  same  condition  would 
exist  between  B  and  G,  This,  again,  could  be  represented  by  the 
ordinates  of  a  rectangle,  the  length  being  =  il,  and  height  to  scale 
=  iW\  In  the  second  case,  for  a  uniform  load  the  shearing  force  at 
A  and  B  would  be  equal  to  the  reaction  i  W,  but  would  gradually 
diminish  as  each  of  the  small  loads  w  are  reached,  as  they  act  down- 
wards, whereas  the  reaction  is  upwards,  and  would  be  =  0  at  the  point 
G.  This  can  be  represented  by  two  right-angle  triangles,  the 
base  of  each  being  =  il,  and  the  altitudes  =  iW s,t  A  and  B.  The 
shearing  force  vanishes  at  the  apex  of  each  triangle  (7,  where 
i W—  {W'^w  +  w  +  W'\-W'\'W-{'iv+w  +  w+tv)  =  0.  It  will 
be  observed  that  4;he  value  of  the  bending  moment  is  independent 
of  the  form  of  the  beam,  it  making  no  diflFerence  whether  the 
beam  is  solid  or  hollow,  round  or  square,  or  any  other  shape,  but 
that  it  depends  on  the  way  in  which  the  beam  is  loaded  or  sup- 
ported, and  can  be  expressed  by  the  general  form  MWl,  in  which 
Mwill  be  1,  i,  i,  iy  as  seen  in  the  above  special  cases.  (See  Figs. 
77  and  78.)  This  bendipg  action  must  be  resisted  by  the  stresses 
developed  in  the  beam,  and  these  depend  entirely  upon  the  dimen- 
sions of  the  beams  and  upon  the  form  of  cross-section,  and  the 
material  of  which  it  is  composed.  The  idea  of  the  couple  is  also 
involved  in  this  resistance,  and  the  bending  moment  is  resisted  by. 
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and  must  not  exceed,  the  moment  of  the  Fesistanoes  or  stresaes  de« 
Teloped.  If  a  beam  is  subjected  to  the  action  of  both  an  isolated 
load  and  one  uniformly  distributed,  the  resultant  bending  moment  at 
any  point  is  the  algebraic  sum  of  the  two  moments. 

Continuous  beams  and  beams  fixed  at  both  ends  will  be  dis- 
cussed later. 

223.  With  the  above  illustrations  and  principles  understood,  we 
can  now  find  the  general  forniulsB 


>«.— — — -»-   — — ^A 


ing  stress.    Pig.  79  represents  a  J  i  "' 


cantilever  beam  fixed  at  one  end 


-^-jf« — • — -*i 


.     JT vl 

Fig.  79. 


for  bending  moments  and  shear- 

and  loaded  with  a  single  weight  ^  ^  ' 

W  and  a  uniformly  distributed  ^ 

weight  of  to  per  unit  of  length;  I 

is  the  length  of  the  beam  and  x  any  distance  from  the  free  end. 

The  bending  moment  at  the  distance  z  = 

M=  Wx+^ (67) 

For  Ihe  point  c,x  =  l;  hence  max.  bending  moment  = 

M,=  m  +  ^ (68) 

If  there  is  only  a  uniform  load  on  the  beam,  TT—  0  and 

if  =  ^.  . (69) 

and  for  maximum  bending  moment 

J'.  =  ?- PO) 

If  there  is  only  a  single  load  on  the  beam,  w^O  and 

M=  Wz,  .    0 (71) 

and  for  maximum  bending  moment 

M,=  Wl (72) 
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For  the  shear  at  any  point  B, 

8=1  W+wx (78) 

Por  the  shear  at  any  point  G  =  max., 

S.=  W+wl (74) 

For  the  shear  at  any  point  with  only  a  onif orm  load  W=0, 

8  =  iox;    S.  =i  wl. (76) 

For  the  shear  at  any  point  with  only  a  single  load  fv  =  0, 

8=W;    8.=  W. (76) 

J/*,  and  8^  stand  for  max.  bending  and  max*  shear,  respectively. 

The  following  are  the  general  formnlsB  for  bending  moments  of 
beams  simply  supported  at  both  ends: 

In  Fig.  80  the  beam  is  loaded  with  a  single  weight  at  the  centre 

and  a  uniformly  distributed  weight. 
4 : >f  ^1    In  this  case  the  reactions  are  equal. 


A  '      ^     f     ^  -' p    and  each  equal  to  one  half  the  sum 


eB*f'-Hl-Heo^ 


r 

'V 


^i     — »^»  Qf  ij^Q  loads. 


the  bending  moment  at  il  =  M=s  Rx s-; .    .    .    (77) 


and  when  a;  =  -,  we  have 


max.  bending  moment  at  c  =  if,  =  -5- jr-.  .    •    (78) 


Substituting  the  value  of  B,  we  have 


Tu-_^Wx  +  wlx     w^ 


(79) 


and 

Rl     wV  _  W7 ,  wV     wV  _  I       1    „        ,    . 
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For  a  single  load  at  the  centre  w  =  0, 


M=^, (81) 


and  for  maximum  bending  moment  w^O, 


Wl 


For  a  uniform  load  alone  ir=  0, 


.^      wlx      fOS^ 

and  for  maximum  bending  moment  TT  =:  0, 

K  =  ^ (84) 

For  the  general  Talne  of  the  shear^ 

8  =  R'-wx.     ........    (85) 

For  the  max.  value  of  the  shear  a;  =  0, 

^.=i2  =  E+J?? (86) 

This  max.  value  is  found  at  the  point  A,  where 

The  min.  shear  is  at  the  centre,  where 

a:=|./S,  =  iZ— ?^^=-?  =  0.  .        .    .    (87) 

For  conyenience,  positive  bending  moments  cause  conyexity 
downward  or  produce  tension  in  the  lower  fibres,  and  negative 
moments  the  reverse.  Positive. shears  tend  to  cause  the  left-hand 
portion  to  move  .upward  on  the  rights  and  negative  the  reverse. 

Had  we  placed  the  single  load  W  at  any  point  other  than  the 
centre,  at  d  for  instance,  the  principle  would  remain  the  same. 
Instead,  however,  of  the  reactions  due  to  this  load  being  ^  fT,  the 
reaction  at  A  would  be  more  and  at  B  less  than  ^fF;  the  sum  of 
the  two  would  still  be  =  W,  that  part  of  the  reaction  due  to  the 
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distributed  load  remaining  the  same  =  -r--,  to  find  the  reactions 
due  to  (T  acting  at  d,  from  the  principle  of  the  lever^ 

r  :r^  : :  dB  :  Ad,    and    r  :  W::  dB  :  i; 


hence 


WdB        ^  WAd 

r=-y-    and    r.=-^. 


If  Ad  is  =  i/,  d-B  =  |/,  and  hence  r  =  f  IF,  r,  =  ^TT,  and  the  total 

wl 
reaction  at  -4  =  iB  =  f  Tr+  "^- ;  then  the  bending  moment  due  to 

the  load  IT  would  be  greatest  at  d,  that  due  to  the  uniform  load 
would  be  greatest  at  the  centre  c,  and  the  greatest  bending  action 
due  to  both  loads  would  be  at  some  point  between  d  and  c^  its  posi- 
tion depending  on  the  relative  amounts  or  value  of  the  two  loads 
(the  resultant  of  the  uniform  load  acting  at  c).  This  point  is  found 
by  the  rule  for  finding  the  centre  of  parallel  forces  or  centre  of 
gravity.  If  the  uniform  load  covers  only  a  part  of  the  length  of 
the  beam^  its  resultant  would  pass  at  the  middle  of  the  distance 
occupied  by  the  load,  its  reactions  would  be  found  by  the  prin- 
ciple of  the  lever,  and  the  moments  at  any  point  would  be  found  as 
before.  Whatever  may  be  the  positions  of  the  loads,  the  reactions 
due  to  them  must  be  found ;  then  the  moment  at  any  point  will  be 
the  algebraic  sum  of  the  moments  of  the  reaction,  and  that  of  any 
load  or  loads,  with  respect  to  the  axis  passing  through  the  point 
and  perpendicular  to  the  plane  of  the  forces.  If  no  loads  exist 
between  the  reaction  and  the  point,  the  reaction  by  its  distance  to 
the  point  is  the  final  moment.  If  loads  exist,  the  sum  of  the  prod- 
ucts of  each  load  by  its  distance  from  the  axis  must  be  deducted 
from  the  moment  of  the  reaction.  This,  of  course,  applies  only  to- 
beams  supported  at  both  ends.  In  the  cantilever  the  moment  at 
any  point  is  simply  the  sum  of  the  moments  of  all  the  force?- 
between  the  point  and  the  free  end  of  the  beam. 

224.  As  an  infinite  number  of  different  conditions  of  loading 

•  can  be  used,  it  would  be  impossible  to  express  by  a  general  formulae 

all  such  conditions;  but  as  the  principle  is  simple  and  the  same  for 

all,  one  or  two  illustrations  will  be  sufficient.     Instead  of  finding 

the  expression  for  the  final  moment  in  terms  of  the  loads,  and  the 
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diBtance  from  each  lotMi  to  the  axis^  it  will  be  found  in  terms 
involving  the  distances  between  the  centres  of  gravity  of  the 
several  loads,  as  these  are  always  known.  Only  one  term  will  then 
contain  a  variable  factor.  This  method  simplifies  the  numerical 
work,  makes  the  formulse  applicable  to  the  conditions  of  loading 
usually  found  when  a  train  comes  on  a  bridge  for  instance,  and  is 
at  the  same  time  applicable  to  any  other  system  of  loads.  Assum- 
ing, then,  a  series  of  loads  with  fixed  distances  between  their  centres 
to  move  on  a  cantilever  beam  and  occupy 
the  position  shown  in  Fig.  81,  and  desig-    J,j::^a.>j>-J^r;firx^^;:7^B 


TF\ 


Wn  to,  Wi  Wi  Do 


nating  the  several  loads  aa  w,w^,w^,  w^,    t^ 

etc.,  to  w^,  as  in  Fig.  81,  the  moment  at 

any  point  o  would  be  the  sum  of  the  mo-  ' 

ments  of  each  load.    Galling  the  distances  between  the  centres  of 

gravity  of  the  respective  loads  a,  b,  c,  d,  etc.,  the  sum  of  the 

moments  will  be 

M=w{a  +  b  +  c  +  d+  ...  +  x)  +  w,(b  +  c  +  d+  ...+x)  + 
w^  {c  +  d  +  .  .  .  x)  +  w^  (d  +  ,  .  .  z)  +  w^x 

=  w  fl  -|-  (w  a  +  ^,)  &+(«?  +  «;,  +  w,)  ft  +  («^i  +  w,  +  «^,) 

d  +  .    .    •    +    (W    +    «?,    +    W,    +    W,    +    .    •    .    +    Wn)    iC,  = 

if, (88) 

in  which  x  is  the  only  unknown  quantity.  Knowing  the  distance 
between  w  and  t^^,  and  the  position  of  w  with  respect  to  the  end  of 
the  beam,  x  can  be  easily  found  for  any  position  of  the  loads  on  the 
beam.  For  the  max.  bending  moment  at  Ay  x  becomes  the  distance 
between  wheel  «?»  and  the  fixed  end  of  the  beam,  which  would  be 
=  /--(a  +  &  +  ^  +  ^+  etc.),  if  w  is  at  the  free  end  of  the  beam. 
If  %o  moves  to  the  right,  x  would  increase,  or  if  the  loads  move  to 
the  left  X  would  decrease,  by  the  same  amount  of  distance.  £q.  (88) 
is  general,  whatever  be  the  distance  between  loads,  or  whether  they 
vary  or  not.  But  in  using  the  locomotive-wheel  concentrations 
the  distances  a,  ft,  Cy  etc.,  would  be  constant  for  the  same  loco- 
motive. We  might  have  found  the  position  of  the  resultant  of  all 
the  loads,  and  then  have  found  the  moment.  The  position  of  the 
resultant  is  found  by  dividing  the  algebraic  sum  of  the  moments  of 
each  weight  by  the  sum  of  the  weights^  the  quotient  will  be  the 
distance  of  the  resultant  from  the  axis  of  moments,  at  c  in  this 
case.     The  bending  moment  on  a  cantilever  beam  at  any  point  is 
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simply  due  to  the  loads  between  that  axis  or  point  and  the  free  end 
of  the  beam  B,  and  is  in  no  wise  affected  by  the  loads  between  the 
point  or  axis  and  the  fixed  end  of  the  beam  A.  The  same  condi- 
tion determines  the  shearing  stress  at  any  pointy  being  the  sum  of 
the  loads  between  the  point  and  the  free  end  of  the  beam. 


5  =  w  +  ^i  +  ^t 


(89) 


for  any  point  between  the  loads  w^  and  w^y  and  for  any  point  to 
left  of  w^y 

/S  =  w  +  w,  +  w,  +  w,  +  .  . .  w« (90) 

For  beams  supported  at  its  two  ends  and  loaded  with  any  system 
of  isolated  weights,  as  those  of  a  locomotive  called  the  wheel-con- 
centrations, we  have  the  following:  Fig.  82  shows  the  relation 

between  the  forces  or  loads  and  the 
reactions.  We  find  the  reactions  R 
and  i2,  by  the  principle  of  the  lever, 
after  finding  the  position  of  the  re- 
sultant by  the  rule  for  finding  the 
centre  of  parallel  forces.  To  find  the 
position  of  the  resultant  W,  let  x^  be  its  distance  from  the  centre 
of  gravity  of  the  front  load  w^  y  which  we  desire  to  find;  then 

(w,  +  w,  +  w,  +  «^4  +  w.  +  V)^X^ 

=  wfi  +  wfi  +  wj^a  +  ft)  +  wXO'  +  S  +  c)  +  'ioj^a  +  J  +  c  -f  rf) 

+  w,(a  +  ft  +  ^  +  ^  +  «) 

=  (w,  +  w,  +  w,  -f  w.  +  wja  +  (w,  +  w^  +  w^  +  w^h 
+(w,  +  w.  +  w^c  -f  (w,  +  wjd  +  wfi\ 
hence 

2>(7  =  tB.  = <"''•••  ""> 


Fio.  83. 


+ 


W^  +  W,  +  W,  +  W^  +  ^5  +  W, 

^1   +  W'.   +    ^'l    +  W,    +   tt^5  +   «^« 


(91) 


The  loads  and  the  distances  between  their  centres  of  gravity 
being  known,  we  can  easily  find  z,,  the  distance  from  w,  to  the 
centre  of  gravity  of  the  entire  system  of  loads.    Then 


R  = 


W  X  CB 
I 


and    R.  = 
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The  length  of  the  span  AB  =  I,  and  the  distance  of  w^  from  A 
being  known^ 

AC=AD  +  x (92) 

Or  we  can  find  the  reactions  by  finding  the  reactions  for  each  load 
separately  and  adding  these  together.  For  load  w^,  by  the  prin- 
ciple of  the  leyer^ 


I 

for  19^ 

forwp 

to,{e  +  d  +  «  +  x)^ 

r,-               f 

and  BO  on  for  the  other  loads.    Hence 

I  «^>(^  +  rf  +  6  +  a^)  +  '^Jjd  +  g  +  a;)  +  wj{e  +  x)  +  wfl 
■*■  I 

_  wfi  +  {w^  +  w^b  +  {w^  +  ^t  +  ^^t)^  +  (^1  +  ^1  +  vJ^+w^d 

which  gives  the  total  reaction  at  Ay  Fig.  82,  which  is  also  the  shear  at 
Af  and  contains  but  one  unknown  or  variable  quantity,  viz.,  x.  If 
the  loads  move  forward  towards  A^  x  increases;  if  to  the  rear,  x 
decreases.  If  another  load  comes  on  the  beam,  w^  and  so  on  to  w^ 
would  be  introduced  in  the  formula,  and  x  in  each  case  would  rep- 
resent the  distance  between  the  rear  weight  and  B  the  right-hand 
support,  which  will  always  be  known.    Having  B, 

B,=  W-B; 

« 

and  we  can  now  find  the  bending  moment  at  any  number  of  points. 
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Moment  at  D  =  5  x  y;    at  ff,  Jf  =  B{y+a)  —  w,a;    at  K, 
J/  =  5(y  +  a  +  J)  -  «f,(a  +  ft)  -  w.ft; 

and  at  (7^  making  Kc  =  g, 

Jf,  =  i?(y  +  a  +  ft  +  ?)-«^,(«  +  *  +  ?)-  w,{ft  +  J)  -  «,y; 
or 

M.  =  Ry  +  iR-  tv,)a  +  {Ii  -  w,-w,)ft+(i?-w.-«;,-wj5'.  (94) 

R  in  equation  (94)  is  also  the  shear  at  A,  where  it  is  a  maximum. 
This  continues  constant  to  Z>.  Between  D  and  G  it  is  R  —  w^i 
between  0  and  -ff'  it  is  R  —  w^  —  w^;  between  K  and  C  it  is 
R  —  w^—  w^  —  w^\  and  at  0^,  the  point  of  maximum  bending, 
it  is  zero, — the  shear  being  least  where  the  bending  is  the 
greatest,  and,  vice  versa,  the  bending  moments  at  A  and  B  being 
R^  ^Hi   zero  and  the  shear  a  maximum  and 

Aj Q   D  E9  ,   ,    I ^  equal  to  R. 

"^H      ill     ill       P        225.  If  there  are  the  same  number 
•  ^     of  equal  loads  or  forces  symmetrically 

situated  with  respect  to  the  centre  of 
the  length  of  the  beam,  the  expression  and  calculation  for  the 
bending  moment  can  be  somewhat  simplified.    (See  Fig.  83.) 

R  =z  R^=w^  +  w^-\-w^=^w^  +  w^  +  w^  =  dw, 

maximum  bending  moment  at  the  centre. 

C=M.=rRxAO^fo,X  GC-io^C'-w,Ea 

Assuming  w^  =  w^  —  1000  lbs.,  w,  =  w^  =  2000  lbs.,  w,  =  w^  = 
3000  Ibfl.,  I  =  20  feet,  AG^^',  GD=^  2',  DIS  =  2',  ^C=  3';  then 
we  have 

M,  =  6000  X  11  -  1000  X  7-2000  X  5  -  3000  X  3  =  40000 ft.-lb8.   ' 

By  the  usual  method  this  requires  finding  the  reaction,  and  the 
use  of  five  terms.  But  the  result  will  be  the  same  in  this  case  if 
we  simply  add  together  the  product  of  the  loads  on  one  side  of  the 
centre  by  their  respectiye  distances  from  the  nearest  point  of  sup- 
port, viz. : 

M,  =  1000  X  4  +  2000  X  6  +  3000  X  8  =  40000  ft.  -lbs. 
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226.  There  is  one  condition  of  loading  of  great  importance 
and  common  occnrrence.  When  a  heavy  wagon^  road  engine,  cr 
railway  locomotiye  comes  on  a  bridge  the  weight  upon  one  pair  of 
wheels  is  supported  directly  by  cross-girders  or  floor-beams.  These 
with  the  reactions  constitute  two  equal  couples,  the  force  of  which 
is  the  weight  upon  one  of  the  wheels  and  its  lever-arm  equal  to  the 
distance  between  each  wheel  and  the  ends  of  the  beam  nearest  it, 
iti  the  case  of  a  single-track  bridge,  when  the  wheels  are  equal 
distance  from  the  centre  line.  If  the  wheels  are  not  symmetrically 
placed  with  respect  to  the  centre  line,  it  would  be  necessary  to  find 
the  reactions  by  the  principle  of  the  lever,  and  then  the  bending 
moment  at  any  point  by  the  ordinary  rules.  This  case  usually 
occurs  in  double-track  highway  and  railway  bridges,  as  it  rarely 
will  happen  that  both  tracks  are  loaded  at  exactly  the  same  time; 
bat  to  provide  for  this  contingency  the  bending  moment  should  be 
found  on  the  assumption  of  both  tracks  being  loaded  at  the  same 
time.  Each  reaction  or  force  of  the  equal  couples  will  be  the 
weight  on  a  pair  of  wheels,  and  the  lever-arm  of  the  couple  will  be 
the  distance  from  the  resultant,  of  the  weight  on  a  pair  of  wheels, 
which  would  act  midway  between  each  pair,  to  the  ends  of  the 
]ksLm.  These  three  cases  are  represented  in  Figs.  84,  85,  and  86, 
and  by  the  corresponding  equations. 


1". 


a!        DC   E        !B        AJ C  D  F  E      IB  I       D  F  EC  D       E        B 

ID,  Zu  ^l  ^l 

Tib.  84.  Fio.  86.  Fio.  86. 


In  each  of  the  three  figures  the  same  letters  correspond  to  the 
same  quantities,  points,  and  distances. 

R  and  R^  are  the  reactions,  w  and  w  the  loads  on  the  wheels,  I  the 
length  of  the  spans,  O  the  centre  of  the  spans,  D  and  E  the  position 
of  the  loads,  x  and  p  the  lever-arms  of  the  couples,  DE  the  distance 
between  a  pair  of  wheels  called  the  gauge  =  g.  In  Fig.  84  the  maxi- 
mum bending  moment  occnrs  at  points  D  and  JS  =  M^=swx  =z  wy. 
R^  R^^w,    The  moment  increases  from  AtoD  and  from  BtoE 
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gradually  from  0  iowx  and  wy;  between  D  and  E  it  is  constant  and 
uniform  =  wx  =  wy.    Taking  moments  with  respect  to  C,  we  have 

^{^  +  iSl) ""  ^iff  =  Iix  =  wx. 

If  the  load  was  uniformly  distributed  from  -4  to  i>  and  B  to  E  the 
resultant  of  the  load  would  be  distant  from  A  =  ^  and  the  load 
=  w^x  =  Wy  and  the  moment  would  be 

_w^_wx 

"    2    ~   2  ^ ^^^^ 

or  one  half  what  it  was  in  the  case  of  the  isolated  loads.  The 
shearing  force  At  A  =  8=  E  =  w,  and  is  constant  to  D,  where  it  is 
2ero,  and  continues  zero  between  D  and  E;  beyond  E  it  is  equal 
R  =  Ii^  =  w  to  B.  For  uniform  load  S  =  E  =  w^x  =  w,  gradu- 
ally decreasing  to  zero  at  D, 

In  Fig,  85  R  =  -1^  and  R^  =  —j-.  The  bending  moment  grad- 
ually increases  from  0  at  J  to  R{x  —  ig)  at  i>,  and  at  the  point  F 
it  becomes  R{x  —  ig)  +  R^g  —  w^g  =  Rx  —  iwg.  From  B  the 
moment  increases  from  0  at  ^  to  R^{y  —  \g)  at  E^  and  at  th^ 
point  F  it  becomes  R^y  —  ^)  +  RM  --  "^^9  =  -B,y  —  «^i?;  but 
substituting  values  of  R  and  R^y  we  find  that 

Rx  —  ^^^  =  R^y  —  ^^r  =  — y^  —  ^^. .    .    .     (96) 

The  shear  at  ^  =  22,  and  is  constant  to  D\  from  DtoEit  is 
=  —  w  +  i2,  and  downward.  From  ^  to  jE^  it  is  constant  and  equal 
to  i?,;  from  ^  to  jF  it  is  =  5,  —  w,  and  constant  to  F.  With  a 
single  load  w^  not  at  the  centre  of  the  beam  the  bending  moment 

at  that  point  =  Rx  =  Rjf  =  —y^. 

In  Fig.  86  iZ  =  i?,  =  w,.  The  moment  increases  from  -4  to  Z> 
where  it  is  i?  X  AD ;  at  i^  it  is  Rx  —  w^g,  at  ^  it  is  A  {x-^^g)  —  ^«?^, 
and  at  C  it  is  72  x  -4c  —  w  X  DC  —  wX  EC,  and  is  the  same  as  at 
E,  as  the  last  two  expressions  can  be  reduced  to  the  same  yalue. 
Similar  expressions  can  be  obtained  in  using  Jf2,.  The  bending  mo- 
ment is  uniform  from  E  to  D.  The  shear  is  constant  from  R  to  D 
and  equal  to  R,  from  D  to  E  constant  and  =  R  —  w,htE  =  R  ~  2w 
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=  0^  and  is  zero  between  E  and  D.  These  expressions  obtained  in 
this  paragraph  are  of  constant  application  in  floor-beams  of  bridges^ 
and  are  also  of  use  for  continuous  beams. 

The  weight  of  the  beam  or  truss  itself  is  not  considered  in  these 
relations.  When  necessary  it  is  simply  treated  as  a  uniformly  dis- 
tributed load^  and  the  two  results  are  combined  for  the  final 
moment  or  shear. 

If  the  load  is  carried  to  floor-beams  by  stringers,  as  in  ordinary 
bridge  trusses  where  the  floor-beams  are  from  15  to  25  feet  apart, 
the  loads  w^  are  to  be  taken  as  the  resultant  loads  supported  by  the 
floor-beams.  .  This  does  not  change  the  equations  except  in  the 
amount  of  the  loads  w.  This  condition  will  be  fully  explained  in 
another  article. 

The  flioor  of  a  highway  bridge  is  assumed  to  carry  so  much 
weight  per  square  foot.  Each  floor-beam  carries  an  area  of  floor 
equal  to  the  length  of  the  floor-beam  multiplied  by  the  distance 
between  them,  if  placed  at  equal  distances  apart;  if  not,  by  a  dis- 
tance between  the  centres  of  the  intervening  spaces  on  each  side  of 
it.  The  same  rule  applies  to  the  joist  or  floor-beams  of  a  wharf  or 
warehouse  of  any  kind.  In  both  cases  it  is  assumed  to  be  uniformly 
distributed  over  the  length  of  the  floor-beam. 

POSITIONS  OP  LOADS  FOR  MAXIMUM  BENDING  MOMENTS  AND 

POB  MAXIMUM  SHEARS  IN  BEAMS. 

227.  In  the  preceding  discussion  the  positions  of  the  loads  have 
been  assumed,  and  the  bending  moments  and  shears  determined 
from  the  given  conditions. 

This  is  all  that  is  needed  when  the  loads  are  fixed,  or,  as  usually 
called,  dead  loads,  which  include  the  weights  of  the  beams  them- 
selves when  of  sufficient  magnitude  to  be  considered,  and  also  the 
weights  of  the  walls,  or  the  floors  with  their  loads  above  or  resting 
upon  them.  But  whenever  the  loads  are  shifting,  moving,  or  roll- 
ing, which  are  called  live  loads,  it  is  important  to  be  able  to  deter- 
mine those  positions  or  conditions  which  will  produce  maximum 
effects.  In  this  case,  assuming  a  beam  to  be  horizontal  and  to  be 
subjected  to  vertical  loads,  let  w  be  any  single  vertical  load,  and  let 
X  be  any  horizontal  co-ordinate  measured  from  any  point  as  an 
origin.    Let  x^  represent  the  co-ordinate  of  the  point  of  applica- 
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tion  of  any  load  w.  Sequired  to  detennine  the  external  bending 
moment  M  at  any  section  of  the  beam.  The  lever-arm  of  w  will 
evidently  be  {x  —  2;,)  and  moment  Jf  =  w(x  —  a,);  hence  for  any 
number  of  forces  w^^  the  moment  will  be 

M=^:2w{x-x,) (97) 

The  summation  sign  2  refers  only  to  x^,  and  is  to  cover  that  portion 
of  the  beam  on  one  side  of  the  section  x,  as  is  evident  from  the 
manner  of  forming  the  equation.  If  the  origin  of  rr  is  in  the  sec- 
tion considered, 

Jf  =  -  2wx, (98) 

From  equation  (97), 

^=:2W=:   8. (99) 

2w  =  £f  is  the  algebraic  sum  of  all  the  forces  on  one  side  of  the 
section  considered.  It  is  consequently  the  total  force  acting  in  the 
section  tending  to  move  one  portion  of  the  beam  past  the  other.  It 
is  therefore  called  the  shear  in  the  section.  It  is  a  most  important 
quantity  in  the  subject  of  the  resistance  of  materials.  The  reaction 
or  supporting  forces  applied  to  the  beam  are  to  be  included  both  in 
the  2w  and  in  the  moment  2w{x  —  x,).   ♦ 

Equation  (99)  shows  that  the  shear  at  any  section  is  equal  to  the 
first  differential  coefficient  of  the  bending  moment  considered  as  a 
function  of  x.  The  sum  of  all  other  loads  on  the  opposite  side 
of  the  section  x  would  give  the  same  numerical  shear,  but  it  would 
evidently  have  a  contrary  direction.  The  analytical  condition  for 
a  maximum  or  minimum  bending  moment  in  a  beam  is 

■^=<>- <i^) 

From  equations  (99)  and  (100)  we  learn  that  the  greatest  or  least 
bending  moment  in  any  beam  is  to  be  found  in  that  section  for 
which  the  shear  is  zero.  From  this  principle  the  section  subjected 
to  the  greatest  bending  moment  can  be  determined  by  a  simple 
inspection  of  the  loading.  As  an  example  of  the  above,  assume  a 
beam  resting  on  two  supports  bearing  two  equal  weights  w,  to. 
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which  are  kept  at  a  constant  distance  apart  =  a;  ^  =  length  of  span* 
Find  the  position  for  greatest  bending  moment  on  the  beam^  and 
the  valae  of  the  moment.    (See  Fig.  87.) 

The  reaction  is  found  by  the  principle  R|f 1  4hi 

of  the  lever,  x  being  the  unknown  dis-  <B^       »       ^^ 
tance  from  R^  to  the  nearest  load ;  then  ^^  ^^ 

the  distance  of  the  resultant,  2io  acting 
half-way  between  the  two  loads,  from  i?,  will  be 

Z— fic  +  I^J,    and    R  =  2w j ,.    .    .    (101) 

as  R  can  never  be  equal  to  2w,  {2w),  or  the  shear,  it  must  be  equal 
to  zero  at  the  point  of  application  of  one  of  them.  Hence  in  find- 
ing the  greatest  moment  it  will  be  better  to  take  the  moment  about 
the  point  of  application  of  one  of  them.  Take  that  one  nearest  to 
R.    The  moment  will  then  be 


I'- ('+!)} 


X 

M=  Rx  =  2w 


or 


dJf 


j|f=2w(a;-y-g).     •    .    .    .    .    (102) 
Substituting  in  equation  (102) 

^■  =  l(^-'»+5) w 

Since  -j-t  = j-,  it  appears  that  Jf,  is  a  maximum,  as  it  is  essen- 
tially negative. 

If  the  load  is  uniformly  continuous,  and  of  the  intensity 
tp,  wdz,  must  be  put  for  w  in  equations  (97),  (98),  and  (99),  and  the 
integral  sign  for  2.    Then 

if  =  w  Hx  —  x^)dx^,  M=  —  w  jx^dx^,  -^  =  70  Cdx^.    .     (104) 
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But  since  the  dx  and  dx^  are  perfectly  arbitrary,  they  may   be 

taken  equal  to  each  other;  hence  -;7~r  =  ^y  or  the  second  differential 

coefficient  of  the  moment  considered  as  a  function  of  x  is  equal  to 
the  intensity  of  the  continuous  load, 

228.  A  continuous  train  of  any  given  varying  or  uniform 

Lar  density  advances  along  a  simple  beam  of 
pgj-^ — P  |P  span  L    It  is  required  to  determine  what 

9   position  of  loading  will  give  the  greatest 
Fio.  88.  shear  at  any  specified  section.    The  load 

adyances  continuously  from  0  to  any  point  B.  Now  find  the 
position  of  the  load  for  the  greatest  transverse  shear  at  any  section 
A.  If  2F  is  the  load  between  A  and  B,  then  the  shear  S'atA  gives 
S'  =zR^-  2P.  Now  if  r  be  that  portion  of  B,  due  to  the  JSP 
and  r,  that  due  to  the  load  on  GA,  r  must  be  less  than  2P,  and 
r  +  r,  -  -SP  =  S\  If  there  is  no  load  on  AB,  both  r  and  2P  bo- 
come  0,  and  we  have  r,  =  S,  the  shear  for  the  head  of  the  train 
at  A.  S  is  evidently  greater  than  S',  because  2P  is  greater  than 
r;  but  if  any  load  is  taken  from  AC,  the  value  of  r,  is  diminished. 
Hence  the  greatest  shear  will  occur  at  any  section  when  the  load 
extends  from  the  end  of  the  span  to  that  section.  The  load  may 
reach  from  either  end  of  the  span,  and  the  longer  or  shorter  seg- 
ments may  be  covered.  Both  conditions  will  give  a  maximnm 
shear,  but  these  greatest  shears  will  act  in  opposite  directions. 
When  the  load  covers  the  greater  segment,  the  shear  is  called  a 
main  shear;  if  it  covers  the  shorter  segment,  it  is  called  a  connter- 
shear.  It  will  always  be  found  at  the  head  or  end  of  the  moving 
load. 

229.  When  a  continuous  load  of  any  given  varying  or  constant 
density  traverses  a  non-continuous  beam,  required  to  find  what 
position  of  the  load  will  cause  the  greatest  bending  moment  at  any 
specified  section.  Since  every  load  which  can  come  upon  the  beam 
will  produce  the  same  kind  of  bending  at  any  given  section,  it  fol- 
lows that  the  greatest  possible  bending  moment  at  any  section  will 
occur  when  the  greatest  possible  amount  of  load  has  been  bronght 
upon  the  beam.  Hence  the  greatest  bending  moment  at  the  specie 
fied  section  ivtll  exist  when  the  load  covers  the  whole  span.  Also, 
that  all  sections  will  suffer  their  greatest  bending  moments  with 
the  same  position  of  load. 


THE   BLA8TICITT  AKD   RBSI8TANCB  OF  MATERIALS.  271 

A  beam  is  a  cantilever  when  it  projects  or  hangs  over;  one  end 
being  fixed  in  some  manner,  the  other  free  or  entirely  unsupported. 

A  beam  is  said  to  be  continuous  if  its  length  is  equal  to  two  or 
more  spans;  or,  if  in  the  case  of  only  one  span,  its  ends  are  con- 
strained or  fixed. 

A  beam  is  said  to  be  non-continuous  if  its  ends  simply  rest  or 
are  supported  at  its  ends,  and  does  not  suffer  any  constraint. 

230.  The  preceding  principles  and  formulae  embrace  all  those 
that  can  be  satisfactorily  discussed  or  explained  without  reference 
to  the  materials  composing  the  members  or  pieces  acted  upon  by 
forces  and  moments,  or  which  are  independent  of  the  form  of 
cross-eection  adopted.  Hence  the  next  article  will  be  devoted  to 
the  properties  of  materials  in  respect  to  their  capacities  to  resist 
stress  or  strain  developed  by  the  application  of  external  forces  and 
moments;  in  other  words,  the  strength,  elasticity,  and  resistance 
of  materiaLs  used  in  engineering  constructions. 


ART.  XXIV. 

THE  ELASTICITY  AND  RESISTANCE  OF  MATERIALS. 

231.  Strength  consists  in  the  fulfilment  of  the  third  condi- 
tion of  equilibrium  (see  paragraphs  193,  194,  and  195);  and  the 
greatest  internal  stress  developed  in  any  piece  of  a  structure,  by  the 
prescribed  greatest  load,  must  be  such  as  the  material  can  bear,  not 
only  without  immediate  breaking,  but  without  such  injury  to  its 
texture  as  might  render  it  liable  to  break  under  a  long-continued, 
or  oft-repeated  application  of  a  certain  prescribed  load. 

It  may  be  permanently  injured  and  rendered  unfit  for  its  pur- 
pose by  being  stretched,  compressed,  bent,  twisted,  or  otherwise 
altered  in  form  or  dimensions  beyond  a  certain  limit.  The  stress 
required  to  produce  this  limiting  strain  of  a  specific  kind  is 
called  the  proof -stress,  or  proof-strength.  It  is  also  called  the  limit 
of  elasticity,  or  the  elastic  limit.  This  term  will  be  more  specifi- 
cally defined  in  another  paragraph. 

It  is  therefore  necessary  that  each  piece  should  have  such  form 
and  dimensions  that  these  may  not  be  altered  beyond  the  given 
limits.    The  term  stiffness  is  applied  when  this  condition  exists. 
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The  terms  strength  and  stiffness  have  to  be  necessarily  considered 
together. 

382.  The  strength  of  the  varioas  materials  used  in  engineering 
can  only  be  determined  by  experiment  on  the  same  kind  of  mate- 
rials when  subjected  to  the  same  kind  of  stress  and  strain.  Un- 
fortunately, the  number  of  experiments,  although  seemingly  great, 
have  been  far  from  sufficient  to  fully  determine  the  strength  of  any 
given  material  when  placed  under  the  conditions  constantly  recur- 
ring in  practice.  The  large  majority  of  experiments  have  been 
made  with  small  test  specimens  or  pieces,  and  from  these  have 
been  deduced  the  relative  behavior  of  large  pieces  or  members  of 
structure  made  of  the  same  kind  of  material.  The  strength  is 
greatly  affected  by  small  differences  in  chemical  composition;  by 
the  form,  shape,  and  dimensions  of  parts;  by  the  kind  of  stress  to 
which  they  are  subjected,  by  the  manner  in  which  the  parts  are 
connected;  by  the  manner  ot  supporting  and  loading  the  pieces; 
whether  the  load  is  distributed  over  a  greater  or  less  surface 
or  concentrated  at  single  points  or  a  combination  of  these; 
whether-the  loads  are  supplied  suddenly  or  more  or  less  uniformly 
and  gradually;  whether  repeatedly  applied  and  removed,  or  con- 
tinuously applied  for  a  greater  or  less  period  of  time;  and, 
finally,  by  the  mode  of  its  manufacture  and  the  temperatures  to 
which  it  has  been  subjected  during  the  process  of  manufacture  or 
subsequently,  as  well  as  the  actual  temperature  under  strain.  While 
from  these  considerations  and  conditions  exact  and  reliable  deter- 
minations may  not  have  been  made,  and  may  never  be  made, 
yet  the  results  of  the  numerous  experiments  that  have  been  made 
have  enabled  engineers  and  builders  to  arrive  at  safe  working 
loads,  stresses,  and  strains.  A  few  of  the  more  important  and  re- 
cent results  will  be  given  for  those  materials  which  are  the  more 
commonly  and  extensively  used.  The  definitions  of  the  terms 
usually  employed  will  be  firet  given. 

233.  Ultimate  strength  of  a  solid  is  the  stress  required  to  pro- 
duce fracture  in  some  specified  way,  The  following  shows  the  di- 
rection of  the  external  load,  nature  and  direction  of  the  stress  and 
strain  produced,  and  the  character  of  the  fracture  when  the  stress 
is  sufficiently  great  to  cause  it: 

If  the  load  or  externally  applied  force  is  in  the  direction  of  the 
longitudinal  axis  of  the  piece,  then — 
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Ist,  The  stress  is  tensile.  The  piece  is  in  a  state  of  tension. 
The  strain  is  one  of  extension  or  stretching  or  elongation  in  the 
direction  of  the  applied  force,  and  one  of  contraction  of  area  in 
planes  inclined  or  perpendicular  to  it. 

The  fracture  results  from  tearing  asunder  the  solid  body.  This 
may  indicate  a  crystalline,  granular,  or  fibrous  substance. 

2d.  The  stress  is  compressive.  The  piece  is  in  a  state  of  com- 
pression. The  strain  is  one  of  compression,  contracting,  or  shorten- 
ing in  the  direction  of  the  applied  force,  and  one  of  bulging  or  en- 
largemient  of  area  in  planes  inclined  or  perpendicular  to  it.  The 
fracture  results  from  crushing,  splitting  into  layers,  or  shearing 
along  planes  approaching  an  angle  of  45°  to  the  direction  of  the 
applied  force.  Some  substances  will  not  fracture  under  any  press- 
ure, however  great,  but  will  simply  bulge  or  swell  laterally  and 
shorten  longitudinally. 

If  the  external  force  is  applied  transversely  or  perpendicularly 
to  the  longitudinal  axis  of  the  piece,  then 

1st.  The  stress  is  shearing;  that  is,  tending  to  cause  a  sliding 
of  one  part  of  the  body  on  another  part  along  planes  parallel,  in* 
clined,  or  perpendicular  to  the  direction  of  the  applied  force.  The 
strain  is  one  of  distortion,  not  in  the  sense  of  twisting,  but  rather 
of  dragging  the  particles  of  the  body  past  each  other.  This  may 
be  accompanied  by  either  a  contraction  or  enlargement  of  the  area 
of  cross-section,  according  as  the  kind  of  stress  is  tensile  or  com- 
pressive. 

The  fracture  results  from  a  cutting  and  sliding  along  certain 
planes. 

2d.  The  stress  is  torsional.  The  piece  is  in  a  state  of  torsion  or 
twisting,  which  necessarily  requires  the  action  of  a  couple.  The 
strain  is  torsion,  and  the  fracture  results  from  wrenching  the  parts 
asunder. 

This  kind  of  stress  and  strain  rarely  exists  in  the  pieces  of  fixed 
.  struct  ureB. 

3d.  The  stress  is  bending.  The  piece  is  in  a  state  of  com- 
bined tension,  compression,  and  shearing,  and  sometimes  of  torsion. 
The  strain  is  one  of  shortening  some  of  the  parts  of  the  beam  and 
lengthening  other  parts.  The  fracture  results  from  tearing  asun- 
der some  parts  of  the  beam  or  crushing  other  parts,  or  both,  and 
is  known  as  breaking  across  or  transversely. 
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It  Is  evident  from  the  above  definitions  that,  in  whatever  man- 
ner a  solid  body  be  strained,  the  state  of  the  body  is  one  of  tension 
or  compression,  or  of  both. 

234.  The  proof- strength  of  a  solid  body  is  the  stress  required 
to  produce  the  greatest  strain  of  a  specific  kind  consistent  with 
safety;  that  is,  with  the  strength  of  the  piece  unimpaired.  A 
stress  exceeding  the  proof -strength  of  the  material,  although  it 
may  not  cause  immediate  fracture,  may  result  in  fracture  by  long- 
continued  or  oft-repeated  application  of  the  load. 

The  proof -load  is  the  load  which  will  produce  the  proof -stress, 
and  varies  with  the  mode  of  application  and  distribution  of  the 
load,  and  also  with  the  manner  of  connecting  or  supporting  the 
ends  of  the  piece. 

Any  load  less  than  the  proof -load  might  be  considered  as  a  safe  or 
working  load,  but  usually  it  is  not  more  than  ^  or  i  of  the  proof -load, 
in  order  tg  secure  absolute  safety.  These  fractions  are  sometimes 
called  factors  of  safety.  They  are  also  sometimes  expressed  as  frac- 
tions, such  as  i  or  I  of  the  ultimate  or  breaking  load.  More  com- 
monly, factors  of  safety  are  expressed  simply  as  2,  3,  5,  6,  etc., 
meaning  i,  i,  ^,  i,  etc.,  of  the  ultimate  or  breaking  load.  This 
will  be  the  notation  adopted  in  this  volume. 

236.  Coefficients,  or  moduli  of  strength,  are  quantities  express- 
ing the  intensity  or  unit  of  stress  under  which  a  piece  of  given 
material  gives  way  when  strained  in  any  given  manner.  This  in- 
tensity is  generally  expressed  as  so  many  pounds  or  tons  per  square 
inch  of  sectional  area  of  the  piece;  or,  if  this  unit  is  very  small, 
as  so  many  tons  or  pounds  per  square  foot  of  area. 

These  coefficients  are  of  as  many  different  kinds  and  values  as 
there  are  different  ways  of  breaking  a  piece  or  member  of  a  struc- 
ture, and  when  of  the  same  kind  they  may  vary  with  the  direction 
of  the  applied  force  with  respect  to  the  grain  or  fibre  of  the  body. 

Stiffness  or  rigidity  is  that  property  of  a  body  by  which  it  re- 
sists any  forces  tending  to  change  its  figure  or  form.  The  co- 
efficient of  stiffness  may  be  expressed  as  a  quantity,  by  dividing  the 
intensity  of  the  stress  producing  any  change  in  the  dimensions  of 
a  body  by  the  change  or  strain  in  that  particular  dimension  con- 

AN    «  .     i    ^  ,.-.  intensity  of  stress 

sidered.     Coefficient  of  stiffness  =  • /—. . 

strain 

The  coefficient  of  elasticity  is  the  same  as  the  coefficient  of 
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stiffness  when  the  intensity  of  the  stress  is  such  that  the  stress 
and  strain  vary  in  such  a  manner  that  the  ratio  is  sensibly  con- 
stant for  all  values  of  the  stress,  the  elasticity  of  the  body  being 
sensibly  perfect.  It  varies  with  the  kind  of  material  and  kind 
of  stress. 

This  coefficient  is  sometimes  given  as  the  force  which,  applied 
to  a  bar  whose  cross-section  is  unity,  would  produce  an  elongation 
equal  to  the  original  length  of  the  bar,  its  elasticity  being  perfect 
up  to  this  limit.     This  is  purely  a  theoretical  force. 

The  coefficient  of  elasticity  simply  expressing  the  ratio  of  stress 
to  strain,  assumes  the  body  to  be  perfectly  elastic,  and  the  ratio  to 
be  constant.  But  no  body  is  perfectly  elastic,  nor  possesses  a  per- 
fectly constant  coefficient  of  elasticity.  Yet,  within  certain  not 
well-defined  limits,  the  assumptions  are  sufficiently  near  the  truth 
to  give  results  of  great  value. 

This  limit  is  called  the  elastic  limit  or  limit  of  elasticity,  which 
may  be  defined  as  that  intensity  of  stress  within  which  the  ratio  of 
stress  to  strain  is  constant. 

DUCTILITY. — PERMANENT  SET. 

236.  Ductility  is  that  property  by  which  a  solid  material  is  en- 
abled to  change  its  form  beyond  the  limit  of  elasticity  before 
frapture  occurs.  It  is  measured  by  the  permanent  set  or  stretch, 
in  the  case  of  a  tensile  stress,  which  the  test-piece  possesses  after 
fracture,  and  also  by  the  decrease  in  area  found  in  the  piece  at  the 
place  of  fracture.  Under  whatever  strain  the  determination  is 
made,  the  permanent  set  is  the  strain  which  remains  in  the  piece 
when  the  external  forces  are  removed  or  cease  to  act.  In  many 
cases  this  so-called  permanent  set  decreases  immediately  after  the 
removal  of  the  stress,  and  under  small  strains  it  may  disappear  en- 
tirely, although  it  is  commonly  claimed  that  a  permanent  set  is 
produced  under  any  degree  of  stress  whatever. 

In  many  grades  of  wrought  iron  and  steel  the  limit  of  elastic- 
ity can  be  quite  accurately  determined.  In  other  materials  there 
seems  to  be  no  simple  relation  between  stress  and  strain  for  any 
condition  of  stress.  For  such  materials  there  is  no  definite  elastic 
limit  or  coefficient  of  elasticity.  Between  these  are  found  all 
grades  of  material. 


276  aOV£BNM£NT  TS8T8  OF  TIMBBfi, 


ART.  XXV. 

ELASTICITY  AND  RESISTANCE  AS  DETERMINED  BY  EXPERIMENT. 

TIMBER. 

237.  The  results  of  experiments  made  to  determine  the  elas- 
ticity and  resistance  of  timber  vary  so  greatly,  owing  to  the  sizes 
of  the  specimens  used,  their  condition  as  to  seasoning,  and  manner 
of  making  the  experiments,  that  but  little  reliance  can  be  placed 
upon  them. 

In  timber  especially  is  it  important  that  the  experiments 
should  be  made  upon  pieces  as  nearly  in  those  conditions  which 
are  necessarily  used  in  practice,  such  as  conditions  of  growth  and 
seasoning,  with  the  usual  small  defects,  and  in  sizes  suitable  for 
columns,  posts,  and  beams.  The  large  majority  of  tests  have  been 
made  upon  specimens  of  from  i  of  an  inch  to  2  inches  round  or 
square  sections.  The  specimens  were  usually  free  from  defects^ 
and  commonly  well  seasoned. 

Recently  the  United  States  Oovemment  has  established  a  bureau 
known  as  the  Forestry  Division  of  the  Department  of  Agriculture, 
under  the  direction  of  Mr.  B.  E.  Femow,  Chief  of  Division.  One 
object  of  this  bureau  is  to  determine  "the  interrelation  between 
physical  condition,  anatomical  structure,  and  mechanical  proper- 
ties "  of  American  timbers.  Although  up  to  date  experiments  have 
only  been  made  on  what  is  generally  known  as  the  Long-leaf  Pine 
of  the  Southern  States,  and  these  only  very  limited  in  extent,  the 
results  thus  far  obtained  have  great  value,  and  will  be  instructive 
as  showing  the  proper  methods  of  investigation  and  the  character 
of  information  required.  All  that  will  be  said  on  this  subject  ip 
taken  from  the  reports  of  Mr.  B.  E.  Pernow,  entitled  "Timber 
Phvaics/'  which  he  hrm  kindlv  sent  the  writer. 

238.  The  following  questions  indicate  the  scope  of  the  investi- 
gations being  carried  on : 

AVhat  are  the  essential  working  properties  of  our  various  woods, 
and  by  what  circumstances  are  they  influenced?  ^How  does  age, 
rapidity  of  growth,  time  of  felling,  and  after  treatment  change 
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Fig.  60. 
PreoautLons  were  taken  to 


quality  in  different  timbers?  How  far  is  weight  a  criterion  of 
strength  ?  What  macroscopic  or  microscopic  aids  can  be  devised 
for  determining  quality  from  physical  examination  ?  What  differ- 
ence is  there  in  wood  of  different  parts  of  the  tree  ?  How  far  do 
climatic  and  soil  conditions  influence  quality  P  In  what  respect 
does  tapping  for  turpentine  affect  quality  of  pine  timber  ? 

The  test-specimens  were  taken  from  the  logs  as  shownr  in  sections 
Figs.  89  and  90.  The  small  sticks  were  nominally  4  inches  square^ 
dressed  down  to  3^  inches  square.  The  large  sticks  yaried  from 
from  6  X 12  to  8  X 16  inches  in  cross-section.  The  logs  varied  from 
12  to  18  feet  in  length.  The  ''green 
tests''  were  usually  made  within  two 
months  after  sawing.  The  •'  dry  tests  " 
were  made  at  various  subsequent  timea 
One  end  of  each  small  stick  was  tested 
green^  and  the  other  end  tested  after 
seasoning.  The  seasoning  was  hastened 
in  some  cases  by  means  of  a  drying-box. 
Temperature  of  inflowing  air,  100''  P. 
prevent  checking  of  the  wood. 

The  testing  apparatus  consisted  of  a  1,000,000-pound  column- 
testing  machine;  one  100,000-pound  beam-testing  machine;  one 
100,000-pound  Universal  testing-machine  of  Richie's  "Harvard" 
pattern ;  various  steam-engines,  planes,  lathes,  etc. 

289.  The  Cross-breahing  TMts.—ThQ  large  beam-testing  ma- 
chine is  shown  in  Fig.  91.  The  base  of  this  machine  consists  of 
two  long-leaf  pine  sticks  {Pinus  paltistris),  6  X  18  inches  and  24 
feet  long,  with  steel  plate  three  fourths  of  an  inch  by  18  inches  by 
20  feet  long,  all  bolted  up  as  one  beam.  The  power  is  applied  by 
hydraulic  pressure  upon  a  plunger  below,  to  the  cross-head  of 
which  are  attached  the  two  side-screws,  on  which  the  upper  cross- 
head  18  moved  by  sleeve-nuts  and  spur-gearing.  The  beam  to  be 
tested  rests  on  pivots  at  the  ends,  placed  on  top  of  the  base-beam, 
and  the  upper  cross-head  is  moved  down  by  means  of  the  gearing 
nntil  thie  central  pivot  attached  to  it  comes  in  contact  with  the 
beam,  or  rather  with  the  distribution-blocks  placed  on  the  beam  at 
this  point.  The  test  then  besrips,  the  power  oriorinatin^  in  a  double 
plunder- pump,  operated  by  hand  or  by  steam  power,  in  another  part 
of  the  room. 
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In  the  tests  of  all  beams,  both  large  and  small,  the  load  is  put 
on  at  the  same  uniform  rate,  so  as  to  eliminate  the  time  effect, 
which  is  very  great  in  timber  tests. 

The  load  on  the  small  beams  is  increased  at  such  a  rate  as  to 
produce  an  increase  in  the  deflection  of  i  inch  per  minute  without 
any  pause  until  rupture  occurs.  This  causes  rupture  in  from  ten 
to  fifteen  minutes'  time.  The  time  required  for  the  large  beam 
tests  is  about  the  same,  the  deflection  rate  being  greater  When  the 
total  deflection  is  to  be  greater,  which  is  the  case  with  4x8  inch 
sticks  12  feet  long. 

Small  Beams. — The  small  beams,  which  are  nominally  4  inches 
square  and  60  inches  long  between  supports,  are  tested  on  the  small 
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machine  shown  in  Fig.  92.  The  load  is  put  on  by  the  hand-wheel 
and  power-screw,  and  the  weighing-beam  kept  in  balance  by  putting 
on  overweights  and  moving  the  poise.  One  man  moves  the  power- 
screw,  which  has^ne-fourth-inch  pitch,  so  as  to  make  one  revolution 
every  two  minutes,  and  this  uniform  motion  continues  until  rup- 
ture occurs.     Another  keeps  the  scales  balanced  and  calls  off  the 
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even  hundreds  of  pounds.  A  third  keeps  the  micrometer-screw 
in  contact  with  the  head  of  the  power-screw,  reads  it  for  certain 
eyen  hundred-pound  loads  called  off,  and  records  the  time  of  each 
such  reading  to  the  nearest  minute,  the  load,  and  the  corresponding 
reading  of  the  micrometer-screw. 

240.  Moisture  Tests, — After  rupture  the  sticks  are  bored  about 
20  inches  from  each  end  and  at  about  one  third  the  width  from 
either  sid^,  in  order  to  get  samples  for  the  moisture  tests.  These 
are  weighed,  and  then  dried  at  a  temperature  of  212"  F.  until  thej 
reach  a  constant  weight.  If  the  original  weight  is  twice  the  dry 
weight,  there  were  equal  quantities  of  water  and  woody  fibre,  and 
the  moisture,  if  computed  on  the  basis  of  the  original  weight,  would 
be  50  per  cent  of  the  original;  but  if  computed  on  the  basis  of  the 
dry  weight,  it  would  be  100  per  cent.  This  latter  is  the  method 
used. 

241.  The  specific  gravity  is  determined  by  measuring  very 
carefully  one  of  the  end-pieces,  usually  4x4x8  inches,  and  with 
its  volume  and  its  weight  the  weight  of  a  cubic  foot  is  calculatedi 
This  weight  divided  by  the  weight  of  a  cubic  foot  of  distilled 
water  gives  the  specific  gravity. 

242.  The  Teiision  Test, — A  piece  16  inches  long  and  2^  x  li 
inches  cross-section  is  cut  from  one  end  of  the  broken  beam.  Its 
thickness  at  the  centre  is  reduced  to  about  2^  x  f  inches  by  cutting 
out  circular  segments.  This  is  then  tested  similar  to  the  test  of  a 
bar  of  iron  in  the  Universal  machine.     (See  Pigs.  93  and  94.) 

Care  is  taken  to  cut  the  specimen  parallel  to  the  grain  of  the 
wood,  so  that  failure  will  occur  in  a  condition  of  pure  tension. 

243.  Compression  Across  the  Grain, — Specimens  4  inches  square 
and  6  inches  long  are  tested  in  compression  across  the  grain.  An 
arbitrary  limit  of  distortion,  namely,  3  per  cent  of  the  height,  has 
been  chosen  as  a  reasonable  maximum  in  practice.  The  load,  then, 
on  the  specimen  is  called  the  compressive  strength  across  the  grain. 
This  load  is  indicated  by  the  ringing  of  an  electric  bell.  The  test 
is  then  continued  until  the  distortion  has  reached  15  per  cent  of 
the  height;  both  results  are  recorded.     (See  Fig.  95.) 

244.  The  Shearing  Tests, — Since  timber  fails  by  shearing  or 
splitting  of  tener  than  in  any  other  way,  the  shearinf  test  is  of  great 
importance.  The  specimen  is  taken  2  inches  square  and  8  inches 
long;  rectangular  holes  are  mortised  1  inch  from  each  end,  and  at 
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right  angles  to  each  other  (see  Fig.  96).  The  Bpecimen  is  then 
pulled  in  the  Uniyersal  machine  (see  Fig.  93)  by  means  of  suitable 
stirrnps  and  key?,  as  shown  in  Fig.  96.  The  ends  are  kept  from 
spreading  or  splitting  by  putting  on  small  clamps  with  jast  enough 
initial  stress  in  them  to  hold  them  in  place.  After  one  end  shears 
out  two  auxiliary  hoops  or  stirrups  are  used  to  connect  the  key, 
which  is  sheared  out  to  a  pin  put  through  the  hole  at  the  centre  of 
the  specimen  as  shown.    The  other  end  is  then  sheared  out,  and 
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two  results  are  obtained  at  right  angles  to  each  other.    The  details 
of  connections,  grips,  stirrups,  and  keys  are  shown  in  Fig.  96. 

245.  Endwise  Compression  Tests. — Most  of  the  tests  for  com- 
pressive strength  were  made  on  sticks  4  inches  square  and  8  inches 
long.  The  ends  were  cut  true  and  square  and  at  right  angles  to 
the  sides.  They  are  tested  in  the  Universal  machine  (see  Fig.  93). 
The  compression  is  continued  until  the  stick  has  been  visibly 
crushed  and  has  passed  its  maximum  load.  The  crushing  usually 
manifests  itself  over  a  plane  section  by  crushing  down  or  bending 
over  all  the  fibres  at  this  section,  which  may  be  either  a  right  or 
oblique  section.  The  section  of  failure,  however,  is  seldom  at  the 
very  end.  The  slightest  source  of  weakness  may  determine  its 
position,  as  for  example  a  very  small  knot — for  knots  are  a  source 
of  weakness  in  compression  as  well  as  in  tension. 
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Some  tests  were  made  on  columns  40  inches  long  by  4  inches 
square  on  the  large  beam  machine.  These  usually  failed  as  in 
case  of  the  short  blocks,  and  not  by  bending  sidewise.  (See  Fig. 
97.) 

Compressive  Tests  of  FuU-aized  Columns. — To  make  these 
tests  requires  a  machine  of  at  least  1,000,000  poands  capacity 


capable  of  cmshiag  to  failure  columns  from  12  to  14  inohes 
square  and  at  least  30  feet  long.  It  will  receive  a  column  of  36  feet 
in  length  or  less.  The  sides  or  tension  members  of  this  machine  are 
made  of  four  long-leaf  yellow-pine  sticks  {Pinus  palustris),  from 
Georgia,  each  8  X  12  inches  by  45  feet  long.  The  power  is  applied 
by  the  same  hydraulic  pump  which  operates  both  the  large  beam 
machine  and  the  100,000-poand  Universal  machine.    The  loads  are 
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weighed  on  this  latter  machine  the  same  as  for  the  beam  tests. 
The  plunger  in  the  column  machine  has  just  ten  times  the  area  of 
that  in  the  weighing-machine^  and  hence  the  loads  in  the  column 
tests  are  just  ten  times  those  indicated  on  the  weighing  beam, 
whereas  in  the  beam  machine  they  were  the  same.  The  tail-block 
is  of  cast  iron  resting  in  a  spherical  socket^  which  is  carried  on  a 
car,  and  can  be  held  by  struts  resting  in  slots  in  the  timber. 
This  is  to  make  the  distance  between  the  face-plates  any  even 
number  of  feet  from  two  to  thirty-six.  The  spherical  socket  in 
the  tail-block  will  produce  an  accurate  adjustment  of  the  end-bear- 
ings at  the  beginning  of  the  test>  but  after  the  load  is  on  it  is 
thought  that  this  joint  will  remain  rigid.  This  socket  is  not 
intended  to  serve  as  a  round  end-bearing  for  the  column.  No 
tests  have  been  made  on  this  machine  up  to  the  present  time. 

246.  Significance  of  Results, — From  the  cross-breaking  tests 
are  obtained  the  croBS-breaking  modulus  of  rupture,  the  modulus 
of  elasticity,  or  measure  of  stiffness,  and  the  elastic  resilience,  or 
measure  of  toughness. 

The  loads  and  their  corresponding  deflections  are  plotted  as 
rectangular  co-ordinates,  and  the  modulus  of  elasticity  and  the 
elastic  resilience  are  obtained  from  a  study  of  this  strain  diagram. 

The  following  is  an  example  of  the  record  made  for  every  beam 
test.  This  is  a  record  of  a  test  made  on  a  4  by  8  inch  stick  of  long* 
leaf  pine,  12  feet  long,  which  was  placed  on  supports  140  inches 
apart. 


(16 

Mark  \  8 

Length,  140.0  inches. 
Height.  8.04  inches. 
Breadth,  4.02  hiches. 


Cross-brbaking  Tbbt. 

Strength  of  extreme  fibre,  where 

8Tf7 
/  =  ^TT^  =  10,910  pounds  per  square  inch.  .    (105) 

Modulus  of  elasticity  =  2,070,000  pounds  per  sq.  inch. 

Total  resilience  =  85,440  inch -pounds. 

Resilience  per  cub.  in.  ==  7.88  inch-pounds. 

Total  elastic  resilience  =  8650  inch-pounds. 

Elastic  resilience,  per  cubic  inch  =  1.91  inch-pounds. 


The  observed  data  are  giyen  in  the  columns  headed  '^  Time,'' 
"  Load,"  and  "  Scale  Reading.''  These  results  are  recorded  on  this 
sheet  in  ink  as  thej  are  observed.    The  result  in  the  "  Deflection  " 
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Table  XV. 

(Number  of  annual  rings  per  inch  =  14.) 


August  87» 

Load. 

DeOeetioiL 

Scale 
Reading. 

h.  m. 

1    58 

1.000 

0.17 

11.02 

59 

2,000 

0.84 

11.19 

59 

8,000 

0.50 

11.85 

2    00 

4.000 

0.66 

11.51 

00 

5,000 

0.82 

11.67 

01 

6.000 

0.96 

11.81 

02 

7,000 

1.18 

11.98 

03 

8.000 

1.27 

12.12 

08 

9.000 

1.46 

12.81 

08 

10,000 

1.65 

12.50 

04 

11,000 

1.98 

12.78 

05 

12.000 

2.27 

18.12 

07 

18,000 

2.85 

13.70 

09 

18.500 

8.85 

14.70 

Butt  end.  Top  end. 

FiOB.  98. 


Maximum  load. 


column  is  computed  from  the  scale-reading.  It  is  placed  next  to 
the  column  of  '^  Loads  ^'  for  convenience  in  plotting  the  strain  dia- 
gram, which  is  done  on  the  ruled  squares  at  the  bottom  of  each 
sheet.  These  plotted  results  fall  in  all  cases  on  a  true  curve, 
similar  to  the  one  shown  in  Fig.  99.  The  total  area  of  this  curve, 
0  D  Ef  properly  evaluated  by  the  scales  used,  represents  the  total 
number  of  foot-pounds  or  inch-pounds  of  work  done  upon  the 
stick  before  rupture  occurred.  This  is  called  the  Total  Cross- 
breaking  Resilience  of  the  stick,  and  when  divided  by  the  volume 
of  the  stick  in  cubic  inches  it  gives  approximately  the  total  cross- 
breaking  resilience  of  the  stick  in  inch-pounds  per  cubic  inch  of 
timber. 

A  better  criterion  of  toughness,  or  resistance  to  shock,  is  some 
definite  portion  of  this  strain -diagram  area,  as  OP  A",  Pig.  99,  for 
example.  This  amount  of  resilience  or  spring  can  be  used  over  and 
over  again,  and  is  a  true  measure  of  the  toughness  of  the  timber  as 
a  working  quality.  To  locate  the  point  P,  the  following  arbitrary 
rule  has  been  followed : 

Draw  a  tangent  to  the  curve  at  the  origin,  as  OA,  Lay  oS  AC 
=  iBA,  and  draw  OC,     Draw  7Jin  parallel  to  OC  and  tangent  to 
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the  carve.  Take  the  point  of  tangencj  as  the  point  P,  and  draw 
PK.  The  area  OPK  is  then  called  the  Melative  Elattic  Reaili- 
ence.* 

There  is  no  "elastic  limit"  in  timber  as  there  is  in  rolled 
metals.  In  this  respect  it  is  like  caBt  iron.  The  point  P  is  the 
point  where  the  rate  of  deflection  is  50  per  cent  more  than  it  is  at 
firat,  and  nsiially  falls  on  that  part  of  the  cnrve  where  it  begins  to 
change  rapidly  into  a  horizontal  direction  or  where  the  deflection 
begins  to  increase  rapidly.     The  areas  of  these  carves  are  measured 


Pio.  99. 

with  a  planimeter  and  reduced  to  inch-poands.  Thus,  if  1  inch 
vertically  represents  5000  pounds,  and  1  inch  horizontally  repre- 
sents 1  inch  deflection,  then  1  square  inch  represents  5000  X  1  = 
5000  inch-pounds.  If  the  area  OPK  is  l.TS  square  inches,  then 
the  corresponding  resilience  is  8650  inch-pounds.  This  means 
that  a  weight  of  100  pounds,  falling  S6.5  inches,  or  1000  pounds 
falling  8.G5  inches,  would  have  strained  the  beam  up  to  the  point 
P  or  it  would  have  deflected  it  1.66  .inches,  and  the  beam  would 
have  been  then  resisting  with  a  force  of  10,000  pounds,  since  P  falls 

*  This  term  litks  been  coioed  to  define  tbis  particular  portion  of  tLc  resill- 
eirce  whicb  will  be  wsed  for  comparing  the  reiatire  elasticity  or  toaghnesa  of 
different  timbers. 
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on  the  10,000-pound  line.  If  this  result — 8650  inch-pounds — be 
divided  by  the  number  of  cubic  inches  in  the  stick  between  end- 
bearings,  the  result  is  the  true  Relative  Resilience  in  Cross-break" 
ifig  in  inch-pounds  per  cubic  inch.  This  result  is  independent  of 
the  dimensions  of  the  test  specimen,  and ,  is  therefore  a  true  meas- 
ure of  the  quality  of  timber  which  is  usually  known  as  toughness. 
It  depends,  as  toughness  in  the  usual  understanding  does,  on  both 
the  strength  and  the  deflection ;  in  fact,  it  is  very  nearly  the  half- 
product  of  the  strength  developed  and  the  deflection  produced  at 
this  particular  point  P.  It  is  probably  the  nearest  quantitative 
measure  of  the  toughness  that  can  be  arrived  at. 

247.  The  strength  of  the  extreme  fibre  is  computed  by  the  ordi- 
nary formula 

4 

where  /  =  stress  on  extreme  fibre  in  pounds  per  square  inch, 
W  =  load  at  centre  in  pounds, 
I  =  length  of  beam  in  inches, 
b  =  breadth  of  beam  in  inches, 
h  =  height  of  beam  in  inches.  « 

At  the  time  of  final  rupture  this  formula  by  no  means  repre- 
sents the  actual  facts.  It  assumes  that  the  neutral  plane  remains 
at  the  centre  of  the  beam  till  nipture  occurs,  which  is  far  from 
correct.  In  green  timber,  where  the  crushing  strength  is  greatly 
reduced  by  the  presence  of  the  sap,  the  crushing  resistance  is  only 
about  one  third  as  much  as  the  resistance  to  tension,  so  that  the 
stick  invariably  begins  to  fail  on  the  compression  side.  This  causes 
the  neutral  plane  or  plane  of  no  stress  to  be  lowered,  and  at  the  time 
of  final  rupture  this  plane  may  be  from  one  fourth  to  one  sixth  the 
depth  from  the  bottom  side  of  the  beam.  The  value  of  /  computed 
by  this  formula  from  a  cross-breaking  test,  therefore,  will  always  be 
intermediate  between  the  crushing  strength  and  the  strength  in 
tension.  Thus  the  crushing  strength  of  a  given  stick  was  found 
to  be  5820  pounds  per  square  inch,  while  the  tensile  strength  was 
15,780  pounds;  the  cross-breaking  strength  was  found  by  this  test 
to  be  10,900  pounds. 
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The  modulus  of  elasticity  is  computed  from  the  formula 

"~  48Z)/  ~  WbV  ~  D   •  ^hV'   •    '    •     ^^"^^ 

where  E  —  modulus  of  elasticity^  W,  I,  by  and  A  as  in  eq.  (106)^ 
D  =  deflection  of  beam,  and 

/  =  moment  of  inertia  of  the  cross-section  =  -^V  for  rec- 
tangular sections. 

To  find  this  modulus^  a  tangent  line  is  drawn  to  the  strain  dia- 
gram at  its  origin,  as  OA,  and  the  co-K>rdinate8  of  any  point  on  this 
line  used  as  the  FFand  D  from  which  to  compute  E. 

The  modulus  is  thus  seen  to  vary  directly  as  the  load  and  in- 
versely as  the  deflection,  hence  it  is  a  true  measure  of  the  stiffness 
of  the  material.  It  is  the  most  constant  and  reliable  property  of 
all  kinds  of  engineering  materials,*  and  is  a  necessary  means  of 
computing  all  deflections  or  distortions  under  loads. 

In  using  the  modulus  of  elasticity  of  timber  for  computing 
deflections,  it  must  be  remembered  that  in  this  case  the  time  effect 
is  very  great  (it  is  nearly  zero  in  metals)  and  that  this  factor  can 
only  be  used  to  compute  the  deflection  for  temporary  loads.  The 
deflection  of  floor  or  roof  timbers,  for  instance,  under  constant 
loads  is  a  very  different  matter,  as  it  increases  with  time. 

Relation  bettoeen  Strength  and  Stiffness. — In  Fig.  100  is  shown 
the  relation  found  by  Professor  Bauschinger  f  between  the  modulus 
of  elasticity  (stiffness)  and  the  cross-breaking  strength,  from  tests 
on  pine,  larch,  and  flr  timber.  Although  the  results  show  a  wide 
range,  there  is  evidently  a  general  relation  between  these  two  quan- 
tities, as  indicated  by  the  straight  line  drawn  through  the  plotted 
points.  The  algebraic  expression  of  the  law  shown  by  this  line, 
rendered  into  pounds  per  square  inch,  is,  in  round  numbers^ 

Cross-breaking  strength  =  0.0045  modulus  of  elasticity  +  450.  (108) 


*  The  wide  range  of  Talues  of  the  modulns  of  elasticity  of  the  yarioas 
metala,  found  in  published  records  of  tests,  must  be  explained  by  erroneous 
methods  of  testing. 

f  See  PI.  II,  vol.  16,  of  Professor  Bauschinger's  Reports  of  Tests  made  at 
Ooremment  Testing  Laboratory  at  Munich. 
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If  it  should  be  found  that  there  is  such  a  law  for  all  kinds  of 
timber,  then  there  may  be  derived  an  eqnation  of  this  form,  bat 
with  different  constants,  for  each  species. 

Crofls-breakiiig  Strength  =  0,0045;  Modulus  of  Elasticity  (or  Stifloess)  +  4S0. 
JBOO 


CroM-brMkinf  •traagth  In  atmospheres. 

FlQ.  100. — Relation  between  Cross-breaking  Strength  and  Modulus  of  Elas- 
ticity or  Stiffness. 

CtompreasiTe  Strength  =  18,800;  Sp.  G.  -  900. 


specific  gnvity  (radvood  to  1ft  per eeal  moUkwej 

Fig.  101.— Relation  between  Compressive  Strength  and  Sp.  G.  or  Weight. 

Relation  between  Strength  and  Weight. — In  Fig.  101  is  shown 
the  relation  between  the  crushing  strength  and  the  specific  gravity, 
when  both  are  reduced  to-  the  standard  percentage  of  moistnre, 
which  was  taken  at  15  per  cent. 

These  results  are  also  taken  from  Professor  Bauschiuger's  pub- 
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Med  records  of  tests  on  pine,  larch,  and  fir  timbers,  and  they  con- 
clusively show  that  the  greater  the  weight  the  greater  the  strength 
of  the  timber.  The  law  here  is  a  well-defined  one,  so  far  as  these 
timbers  are  concerned.  When  rendered  into  English  units  (pounds 
per  sq.  in.),  the  equation  of  this  line  is 

Crushing  strength  =  13,800  specific  gravity  —  900,    .    (109) 

when  the  timber  contains  but  15  per  cent  of  moisture.  This  equa- 
tion would  also  vary  in  its  constants  for  each  species  of  timber. 

Relation  Between  the  Compressive  Strength  and  the  Percentage 
of  Moisture. — In  Fig.  102  are  plotted  some  very  careful  tests  by 
Professor  Bauschinger  to  show  the  relation  between  the  percent- 
age of  moisture  and  the  crushing  strength. 


Pere«ntag«  of  moiatiM  (oomputod  on  the  wet  wei^bt 

Fig.  102.— Variation  of  Compressive  Strength  and  of  8p.  Gravity  for  Vary- 
ing Percentages  of  Moisture. 

There  is  no  question  but  the  crushing  and  the  shearing  strength 
are  both  greatly  reduced  by  moisture.  The  crushing  test  also  gives 
a?ery  fair  indication  of  the  strength  of  the  timber  in  all  other 
ways.  In  this  instance  four  sticks  were  taken  and  sections  tested 
first  groen,  or  having  an  average  of  37  per  cent  of  moisture  when 
computed  on  the  wet  weight,  or  59  per  cent  of  moisture  when 
computed  on  the  dry  weight,  as  is  the  practice  in  the  tests  made 
by  this  Department.  The  sticks  were  then  dried  uutil  there  was 
an  average  of  14.6  per  cent  moisture  on  the  wet  weight,  or  17  per 
cent  on  the  dry  weight.  The  remaining  portions  of  the  5»tick3 
were  further  seasoned  until  there  remained  but  8.2  per  cent  moist- 
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ure  computed  on  the  wet  weight,  or  9  per  cent  moisture  on  the 
dry  weight,  and  then  tested.  This  is  a  smaller  percentage  of  moist- 
ure than  outdoor  lumber  ever  reaches,  as  the  ordinary  humidity  of 
the  external  air  will  usually  maintain  at  least  10  per  cent  of  moist- 
ure in  all  kinds  of  timber. 

When  these  three  groups  of  results  are  plotted,  and  the  mostprob- 
uble  curve  drawn  through  them,  there  is  seen  to  be  a  remarkable  in- 
crease in  the  crushing  strength  when  the  percentage  of  moisture 
falls  below  fifteen  or  twenty.  The  variation  in  strength  above  that 
limit  is  very  small.  Professor  Bauschinger  has  published  a  great 
many  such  curves,  all  showing  the  same  general  law.  This  curve 
illustrates  the  necessity  for  finding  the  percentage  of  moisture  for 
every  test  of  strength  made. 

Professor  Bauschinger  has  published  very  few  tests  showing 
the  relations  between  the  cross-breaking  strength  and  the  moisture, 
but  Fig.  103  is  a  reproduction  of  such  results  as  he  has  given. 


Peroentage  of  molstnTe  (oompntedon  the  w«i  weif hi) 

Fig.  103. ^Relation  between  Cross-breaking   Strength   and    Peroentage  of 

Moisture. 

When  the  percentage  of  moisture  sinks  as  low  as  10  there  appears 
a  wide  variation  of  strength,  not  satisfactorily  explained.  There 
would  seem  to  be  a  law  of  dependence,  however,  but  less  marked 
than  in  the  case  of  compressive  strength. 

Relation  Between  Specific  Gravity  and  Moisture. — ^In  Fig. 
102  the  **  specific-gravity**  curve  shows  the  relation  between  the 
specific  gravity  and  the  percentage  of  moisture.  At  first  the 
specific  gravity  diminishes  rapidly  as  the  percentage  of  moist- 
nre  is  reduced^  but  when  this  has  been  reduced  to  15  per  cent  the 
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Specific  gravity  changes  very  little  for  any  farther  reduction  in 
moistare.  This  shows  that  the  shrinkage  is  insignificant  until  the 
timber  becomes  nearly  dry,  when  it  swells  and  shrinks  almost  di- 
rectly with  the  percentage  of  moistare,  so  that  the  weight  of  a 
unit  volume,  which  is  a  measure  of  the  specific  gravity,  remains 
nearly  constant.  This  curve  is  also  only  one  of  a  great  many 
similar  ones  given  by  Professor  Bauschinger. 

248.  There  is  much  other  interesting  and  valuable  information 
contained  in  Mr.  Fernow's  reports,  to  which  the  reader  is  referred. 
We  will  close  this  subject  with  the  following  conclusions: 

The  data  containedf  in  the  report  refer  altogether  to  the  tim- 
ber  of  long-leaf  pine  {Pinus  palustris)  from  Alabama.  These 
data  refer  to  over  2000  tests  on  material  furnished  by  twenty-six 
trees  collected  from  four  different  sites  by  Dr.  Charles  Mohr. 

These  tests  may  be  said  to  represent  fairly  well  the  range  of 
strength  pertaining  to  the  species.  The  following  table  represents 
the  range  of  value  of  the  various  exhibitions  of  strength  as  com- 
piled from  Professor  Johnson^s  report  : 

Table  16. 
conbeksbd  table  of  meohazncal  pb0pebtib8  of  loho*lbaf  fike. 

[Ranges  reduced  to  15  per  cent  moisture.] 


Spedflo 
Oravitj. 

Crosa-bending  testa. 

Strength, 

Modulus 
of  Elasticity. 

Relative 

Elastic 

Resilience 

in 

inches  =  lbs. 

per  cu.  in. 

Butt  Ices  .... 
Middle  logs... 
Top  logs 

0.449—1.080 
0.575—0.859 
0.484—0.907 

4762—16200 
7640—17128 
4268-15554 

1118800-3117870 

1186120—2981720 

842000-2697460 

0.28—4.69 
1.84—4.21 
0.09—4.65 

Butt  logs 

Middle  logs. . 
Top  logs 


Crushing 
Endwise. 


Strength, 
per  sq.  In. 


Crushing 
across 
Grain. 


Strength, 
per  sq.  In. 


4781—9850    675—2094 
5080—9800  '  656—1445 


Tension. 


Strength, 
per  sq.  in. 


Shearing. 


Strength 

(mean), 

per  sq.  in. 


Modulus  of 

Sti-etigth  at 

Elastic  Limit. 


Per  sq.  in. 


8600—81890 
6880—29500 


4587—9100  584-1766  4170—28280  i  484—1156 


464-1299  !  4980—18110 
539-1280   5540—11790 


2548—11950 


i*j^ 
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Professor  Johnson  has  attempted  to  relate  the  yalues  of  strength 
to  other  qualities,  especially  moisture  contents  of  the  test-piece,  and 
compared  the  various  exhibitions  of  strength  with  each  other,  to 
find  if  possible  their  relation.  It  is  to  be  understood  that  this  dis- 
cussion refers  only  to  the  species  in  hand,  and  does  not  admit  of 
generalization  to  other  timbers. 

Some  of  the  deductions  for  the  long-leaf  pine  may  even  have 
to  be  modified  upon  further  study.  We  summarize  the  more  im- 
portant deductions  as  follows : 

(1)  With  the  exception  of  tensile  strength,  a  reduction  of 
moisture  is  accompanied  by  an  increase  in  Strength,  stiffness,  and 
toughness. 

(2)  Variation  in  strength  goes  generally  hand  in  hand  with 
variation  in  specific  gravity. 

(3)  The  strongest  timber  is  found  in  a  region  lying  between  the 
pith  and  the  sap  at  about  one  third  of  the  radius  from  the  pith  in 
the  butt  log;  in  the  top  log  the  heart  portion  seems  strongest.  The 
difference  in  strength  in  the  same  log  ranges,  however,  not  over 
12  per  cent  of  the  average,  except  in  crushing  across  the  grain 
and  shearing,  where  no  relation  according  to  radial  situation  is 
apparent. 

(4)  Regarding  the  variation  of  strength  with  the  height  in  the 
tree,  it  was  found  that  for  the  first  20  to  30  feet  the  values  remain 
constant,  then  occurs  a  more  or  less  gradual  decrease  of  strength, 
wliich  finally,  at  the  height  of  70  feet,  amounts  to  20  to  40  per 
cent  of  that  of  the  butt  log  for  the  various  exhibitions  of  strength. 

(5)  In  shearing  and  crushing  across  and  parallel  with  the  grain, 
practically  no  difference  was  found. 

(6)  Large  beams  appear  10  to  20  per  cent  weaker  than  small 
pieces. 

(7)  Compression  tests  seem  to  furnish  the  best  average  state- 
ment of  value  of  wood,  and  if  one  test  only  can  be  made  this  is 
the  safest,  as  was  also  recognized  by  Bauschinger. 

The  investigations  into  the  effect  of  bleeding  the  trees  for  tur- 
pentine leave  now  no  doubt  of  the  fact  announced  in  a  prelimi- 
nary circular,  that  bled  timber  is  in  no  respect  inferior  to  unbled 
timber. 

This  conclusion,  to  which  the  mechanical  tests  lent  counte- 
nance, is  strengthened  by  the  chemical  study  of  Mr.  M.  Gomberg. 
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into  the  distribution  of  resinous  contents  throughout  the  trees  bled 
and  unbled.  These  show  what  physiological  considerations  would 
lead  OS  to  anticipate,  that  the  resinous  contents  of  the  heart- wood 
take  no  part  in  the  flow  of  resin  induced  by  the  "  boxing "  or 
"chipping''  of  the  tree,  being  non-fluid,  and  also  being  found 
present  in  larger  amounts  in  the  heart-wood  than  in  the  sap-wood, 
as  well  before  as  after  bleeding.  The  drain  appears  to  be  entirely 
from  the  sap-wood,  and  as  this  does  not  enter  into  lumber  produc- 
tion, being  hardly  more  than  two  inches  on  the  radius,  it  may  be 
left  out  of  consideration. 

The  result  of  the  tests,  to  the  effect  that  bled  timber  is  stronger 
than  unbled,  which  Professor  Johnson  proposes  to  explain  as  a  re- 
sult of  the  bleeding,  does  not  seem  to  admit  of  such  reference.  It 
is  suspected  that  the  timber  from  the  orchard  might  have  come 
from  a  locality  the  soil  conditions  of  which  were  apt  to  produce 
better  quality,  the  comparison  of  bled  and  unbled  timber  having 
been  made  on  material  from  different  localities. 

From  the  field  report  of  Mr.  Both  ii  would  appear  that  opinions 
of  {>ractical  men  are  so  much  at  variance  as  to  the  effect  of  bleed- 
ing as  to  be  of  no  special  value,  and  we  can  claim  that  the  discrim- 
ination made  against  bled  timber,  be  it  on  aocount  of  inferior 
strength  or  inferior  durability,  is  due  to  an  unwarranted  prejudice. 

The  physiological  considerations  and  the  processes  employed  in 
the  gathering  of  turpentine  in  this  and  other  countries  will  be 
found  fully  discussed  in  the  annual  report  of  the  Fc^restry  Division 
for  the  year  1892. 

Much  stress  has  been  laid  on  the  above  government  tests  and 
methods,  as  these  are  the  first  systematic  efforts  that  have  been 
made  in  this  country  to  obtain  satisfactory  knowledge  on  the 
strength  and  other  valuable  properties  of  American  timbers. 

The  following  tables  give  the  data  of  other  experiments  upon 
American  timbers,  and  are  the  results  upon  which  we  have  hereto- 
fore and  do  now  base  our  calculations. 

ii49.  For  convenience  of  reference  the  usual  coefficients  for 
timber,  stone,  cast  iron,  wrought  iron,  and  steel  will  be  collected 
in  this  place.  Special  reference,  however,  to  each  material  will  be 
made  under  their  proper  heads. 

The  following  are  average  results  taken  from  many  sources. 
The  usual  values  adopted  in  practice  will  be  given  in  their  appro- 
priate plisces. 
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Table  XVII. 

IN  POUNDS  PER  SQUABS  INCH. 


Steel 

Cast  iron 

Wrought  Iron 

Timber 

Stone 


Coefficients  of  Elasticity. 


80,000,000  to  85.000.000 

12.000,000  *'  14,000.000 

28,000,000  '*  29,000,000 

854,000  "  1,079,500 

6,000,000  *'  13,600,000 


Limits  of  Elasticity. 


87,000  to  60,000 

20,000 

25,000  to  80,000 

5,000  to   9,000 


Table  XVIII. 

COEFFICIENTS  OF  8TREN0TH. 
The  figures  represent  thousitnds ."] 


Steel 

Cast  iron 

Wrought  iron 

Timber.  

Stone 


Resistance 

to  CnishioK. 

lbs.  per  sq.  In. 


76  to  148 

80  **100 

86  "   40 

4  '•    14 

8  "    20 


Resistance 

to  Tearing. 

lbs.  per  sq.  in. 


66  to  114 

16  "   20 

60  •*    60 

7  "   16 


Resistance  to 

Cross* 

breaking, 

lbs.  per  sq.  in. 


116  to  142 

42  '*    70 

62  ••    76 

10  "    17 

1.062  to  8.6 


Resistanoo 

toSbearing, 

lbs.  per  sq.  u. 


68  to  68 

16  "20 

49  "64 

0.369  "  8.48 


The  resistance  to  cross-breaking  for  steel  is  given  at  about  1.66 
to  1.85  times  that  of  direct  tearing;  for  wrought  iron  1.5  times^ 
and  for  cast  iron  2  to  2^  times^  the  direct  tensile  strength. 

Table  XIX. 

VOR  THE  MORE  COMMON  AND  USEFUL  TIMBER. 


White  pine. . . 
Yellow  pine.. 

Locust 

White  oak... 
Hemlock..  .. 

Spruce 

Black  walnut. 
White  ash. . . . 
Live-oak 


Resistance 

to  CnisbiDg:, 

lbs.  per 

sq.  ID. 


9,600 
11,500 
18,700 
8.500 
6,280 
8,410 
7,000 
8.150 


Resistance 

to  Tearing, 

lbs.  per 

sq.  ID. 


7,000 
20,700 
29.000 
13.200 

11.600 

9,790 

15,500 

10,310 


Resistance 

to  Cross- 

brealcing:. 

lbs.  per 

sq.  In. 


9,000 
15,000 
21.000 
12.000 

8.000 
10.000 
18.500 
16,000 


Resistance  to  Shearing^, 
lbs.  per  sq.  In. 


Along  the 
Qrain. 


482 
848 
1,165 
1.250 
869 
642 


Across  the 
Grain. 


2,480 
5,785 
7,176 
4.425 
2.760 
8.256 
4,728 
6,280 
8.480 


These  tables  are  merely  given  as  samples  of  the  ultimate  strength. 
Different  experimenters  have  arrived  at  widely  different  results. 
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not  only  on  acconnt  of  the  varying  qualities  of  materials  used,  but 
the  different  shape  and  sizes  of  pieces  tested ^  the  different  mode  of 
making  the  tests,  and  many  other  causes.  The  important  values 
to  the  practical  engineer,  and  for  the  purposes  of  this  volume,  are 
those  for  the  working  loads.  The  following  are  fair  average  values, 
subject  to  certain  modifications  on  account  of  the  length  of  the 
pieces,  or  their  position  in  the  structure  requiring  special  values, 
which  will  be  subsequently  explained. 

Table  XX. 

SAFE  LOADS. 


White  oak . . . 

Pine 

Wrought  iron 
Cast  iron. . . .  < 
Steel 


Resistance 

to  CrusbiDff, 

lbs.  per  sq.  In. 


500 

600 

8,000 

16,000 

14,000 


Resistance 

to  Tearing, 

lbs.  per  sq.  in. 


1.000 
1,000 

10,000 
4,000 

14,000 


Resistance  to 
Cross- 
breaking, 
lbs.  per  sq.  in. 
Modulus  of 
Rupture/. 


1,500 
1,500 
8,000 
4,000 
14,000 


Resistance 

to  Sbearinar, 

lbs  per  sq.ln. 


500 

200 

7,500 

10,000 


For  the  steel  used  in  the  bridge  at  Memphis,  recently  con* 
structed,  the  requirements  were  as  follows: 

Table  XXI. 

Ultimate  strength,  maximum  for  high  grade 78,500  lbs. 

"  ''  minimum    "      "        "     69,000  " 

**  "  maximum  for  soft 63,000  " 

*'  *'  minimum    ''    "    55,000  " 

Minimum  elastic  limit  for  high  grade 40,000  '' 

*'         elongation  in  8  inches 18  per  cent. 

**        reduction  of  area 38    "      " 

«         elastic  limit  for  soft 30,000  lbs. 

''         elongation  in  8  inches 28  per  cent. 

**        reduction  of  area 50    ''      " 

Laboratory  tests : 

Maximum  strength 70,000  lbs. 

"         elastic  limit 40,000  " 

'*         elongation  in  8  inches 15  per  cent. 

"         reduction  of  area 18    "      " 
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STRBKGTH,    WEIGHT,   TOUGHNESS. 


Full-size  bars : 

Ultimate  strength 62,000  lbs. 

Elastic  limit 32,000  *' 

Average  stretch, 12  per  cent. 

Minimum  '^      10    ** 


a 


Table  XXII. 

WEIGHT  OF  TDCBBB. 

Oak  timber  weighs  from  50  to  75  lbs.  per  cubic  foot. 
Pine     «  "         "     30  to  50  "      '' 

Cast  iron  "      450  lbs.  per  cubic  foot. 

Wrought  iron  "      480 
Steel  "      490 


<( 


<( 


it 


« 


iC 


u 


u 


it 


it 


i€ 


The  expansion  of  cast  iron  is  0.0000062  of  its  length  for  each 
degree  Fahr.,  or  about  0.0004  for  the  ordinary  range  of  tempera- 
ture; and  for  wrought  iron,  0.0000067  to  0.0000075  of  its  length 
per  degree  Fahr.  

The  following  are  tables  of  the  comparative  values  of  timber,  as 
determined  by  Mr.  Goff,  of  the  Bail  way  Institute,  Sydney,  New 
South  Wales: 

Timber  loses  one  third  of  its  weight  when  perfectly  dry,  as  com- 
pared with  green  timber,  with  the  following  shrinkage  ratios  in 

breadth : 

Table  XXU  (A). 


English  oak -^ 

Dantzic    " -^ 

Yellow  pine ^ 

Pitch       ''    .; jV 


£."';:;.::::;;::::::::ft 

Kauri ^ 


Strength  is  defined  as  the  property  by  which  it  resists  fracture; 
stiffness,  the  property  by  which  it  resists  bending  or  flexure;  tough- 
ness, the  capability  of  bending  to  the  greatest  extent  without  fracture. 

Table  XXU  (B). 


Kind  of  Timber. 


Standard 

Baltic  Riga... 
A^merican  Oak. 

Dantzic 

Elm 

Pine  or  fir 

Poplar 

.Maliogany 

Trtmarac 

Walnut .* 


WefKht  per 
cubic  foot. 


46 
48 
87 
42 
85 
29 

85 
82 


to  58 
"46 
"47 
"68 
"46 
"42 

88 

to  58 
**40 

50 


Strength. 


100 

108 
86 

107 
82 
80 
86 
96 

102 
90 


Stiffnees. 


100 
98 

114 

117 
78 

114 
66 
98 
80 
70 


Tougbneo. 


100 

125 

117 

99 

86 

58 

112 

99 

130 

110 
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ART.  XXVL 

ELASTICITY  AND  RESISTANCE,  AS  DETERMINED  BY 

EXPERIMENT. 

STONE. 

260.  Fracture. — A  fresh  surface  should  be  bright,  clean,  and 
sharp,  with  grains  well  cemented  together.  A  dull,  earthy  appear- 
ance indicates  an  inferior  grade,  and  the  stone  is  likely  to  disinte^ 
grate  and  decay  on  exposure. 

Acid  Test. — A  few  drops  of  dilute 'solutions  of  sulphuric  and 
hydrochloric  acid  will  cause  a  brisk  effervescence  if  the  stone  is  a 
carbonate  of  lime  or  magnesia.  It  will  also,  if  fragments  of  the 
stone  are  soaked  in  the  solutions,  determine  the  presence  of  earthy 
or  mineral  constituents  easily  dissolved,  thereby  indicating  its 
probable  weathering  qualities  when  placed  in  acid  atmospheres. 

Test  with  Small  Fragments  or,  better^  Crushed  Stone,  when 
Soaked  and  Stirred  in  Water.—U  the  stone  is  crystalline  and  the 
grains  well  cemented  together  the  water  will  remain  clear,  but  if 
it  contains  earthy  matter  the  water  will  become  turbid  or  milky. 

Absorption, — This  is  a  useful  test.  First  weigh  a  good-sized 
lump  after  removing  any  loose  grains  or  powder  on  the  surface  by 
gently  wiping  with  the  hand  or  with  a  cloth.  Let  the  stone  be  im- 
mersed in  water  for  twenty-four  hours  or  more,  and  after  allowing 
the  sarf ace-water  to  drip  off  weigh  the  fragment  again.  The  increase 
is  the  weight  of  water  absorbed.  The  heist  stones  absorb  the  least 
percentage  of  water.  This  is  an  important  factor  in  the  absorp- 
tion of  acids  and  gases  contained  in  rain-water  or  carried  into  the 
stone  by  them.  High  absorption  indicates  a  stone  light  in  weight, 
and  is  necessary  for  the  destructive  effects  of  freezing.  It  has  been 
attempted  to  imitate  the  action  of  frost  by  soaking  the  stone  ill  a 
concentrated  solution  of  sulphate  of  soda.  The  subsequent  crystal- 
lization of  the  salt  forces  off  fragments  of  greater  or  less  size.  The 
difference  in  weight  of  the  specimen  indicates  the  extent  of  disin- 
tegration*   This  is  not  much  relied  upon. 

251.  Crushing. — Specimens  of  the  stone  are  usually  carefully 
dressed  to  exact  cubes,  1, 1^,  or  2  inches  on  each  edge,  commonly 
2  inches.     The  specimens  should  be  dressed,  but  not  polished. 
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Cushions^  from  i  to  i  inch  in  thickness^  of  soft  pine,  lead,  paste- 
board, plaster  of  Paris,  or  any  substance  that  will  tend  to  produce 
a  uniform  distribution  of  the  pressure,  are  placed  on  top  and  bot- 
tom of  the  cube,  which  is  then  placed  in  a  hydraulic  or  other  power 
machine.  The  pressure  is  gradually  increased  until  the  cubes  give 
way.  Any  indications  of  gradual  yielding,  cracking,  or  shearing  are 
noted,  together  with  the  pressure  at  the  time.  Some  stones  give 
way  without  any  warning  or  indications  of  yielding.  The  hardest 
variety  of  stones,  such  as  basalts  and  primary  limestones,  give  way 
suddenly.  The  softer  varieties  crack  or  show  signs  of  yielding 
under  from  one-half  to  two-thirds  the  crushing  loads.  The  crush- 
ing resistance  is  generally  less  in  fresh  or  green  specimens  which 
contain  the  quarry  sap  than  in  seasoned.  The  larger  the  cubes  the 
greater  will  be  the  unit  crushing  resistance  for  the  same  kind  of 
stone.  It  would  give  more  accurate,  or  rather  reliable,  results  if  the 
length  of  the  specimen  is  about  1^  times  the  sides  of  the  base  rather 
than  a  perfect  cube.  Though  useful  in  many  ways,  the  crushing 
resistance  of  small  cubes  is  but  an  approximate  indication  of  the 
resistance  to  crushing  per  square  inch  of  large  blocks.  The  crush- 
ing resistance  is  usually  divided  by  a  safety  factor  of  from  8  to  10 
to  obtain  the  safe  or  working  load. 

Tearinrj  and  Shearing. — But  few  experiments  have  been  made 
on  the  tensile  resistance  of  stones,  as  this  material  is  seldom  used 
to  resist  direct  tension.  Resistance  to  shearing  is  an  important 
property. 

Cross-breaking. — The  transverse  strength  or  resistance  to  cross- 
breaking,  though  important,  has  been  but  little  experimented  upon. 

Stone  is  but  little  used  for  beams  of  any  great  length,  and 
generally  only  for  lintels  over  doors  and  windows. 

Weight. — The  specific  gravity  or  heaviness  of  stones  of  differ- 
ent kinds  is  a  good  indication  of  their  valuable  qualities,  the 
heaviest  being  generally  the  best.  As  has  already  been  mentioned, 
the  durability  or  weathering  properties  of  stones  are  the  most  im- 
portant as  regards  the  suitableness  of  any  stone  for  building  pur- 
poses. The  above  tests,  so  far  as  they  have  any  bearing  upon 
durability,  are  important.  It  is  better  when  practicable  to  be  guided 
by  the  actual  weathering  properties  as  seen  in  old  structures. 

The  chemical  composition  of  stone  is  of  little  practical  value 
(see  paragraphs  116,  117,  and  118),  though  it  is  well  to  note  the 
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quantities  of  silica,  alkalies^  and  lime  that  it  contains.  Microscopic 
examination^  determining  the  way  in  which  the  materials  are 
cemented  together,  is  of  much  more  importance.  Stones  which 
may  be  of  good  quality  if  quarried  in  warm  weather,  may  be  en- 
tirely mined  if  quarried  in  very  cold  weather.  This  is  especially 
true  of  marble  and  limestone. 

252.  The  following  table  will  be  useful  when  a  proper  factor 
of  safety  is  used : 

Table  XXIII. 


Kind  of  Stone. 


Gnuilto: 
Oonnecticut. 

New  Hampflhtre. . . . 

Portland 

Richmond 

Missouri  Red , 

Massachusetts. 


Port  Deposit 

CSanadlan 

BcoUifan.  •  •  .•••..••• 
New  Haven,  Conn... 


Patapsco.  Md. 
Michigan 


Staten  Island,  N.  Y.. 
Trap  and  Basalt 


Moduli  of  Resistanoe  or  Strength. 


Crushing, 
in  pounds 
per  sq.  in. 


Slates. 


Limestones— Marble : 
White  Statuary 


White  Italian. 
Wisconsin.... 
NewTorlc..... 

Vermont 

XliDois 


limestones—Gommon : 
New  York 


15«780 
SS,190 
14,480 
24,000 
18,700 
18,500 
18,875 
21,350 
12,700 
18,600 
14,750 
17,750 
10,750 
11,016 
10,000 
7,750 
0.760 
6,840 
18,125 
22,260 
10,700 
22,250 
7,200 
21,847 


to 
to 
to 
to 
to 
to 


Tearing, 
in  pounds 
persq.in. 


to 


to 
to 


4,000  to 

6,060 
12,150  to 
21,778 
18,700  to 
20.026 
12,060 

7,612  to 
8.670 
0,687  to 
0,787 

10,760  to 
25,000 


1,460 


0,600  to  200  to 
12,880      460 


Crosabreak- 

ing  in  pounds 

per  sQ.  in. 


Length  of 
BcMims. 


In  ft. 
/ 


In  ill. 

\fi=m 


108 


60  to 
160 


84  to 


84  to 
600 


87  to 

128 


8to 
156 


1,854 


040  to 
2,740 


8.600  to 
8,100 


666  to 
2,804 

144  to 
2,800 


Coeffi- 
cients of 
ElasticitT, 
in  pounaa 
per  sq.  in. 


X. 


5,000,000  to 
6,400,000 
18,600,000 


18,000,000  to 
16,000,000 


2,520,000 


Absorp- 

tion,  in 

per 

cent. 


o 

a 
M 


0.066  to 
0.166 


Weight 

of,  In 

pounds 

percu.  ft. 


166.0 
166.0 
166.5 
164.4 


166jetO 

168.7 

168.0 

167.0 

165.0 

162.5 

168.0 

164.4 

178.8 

178.8  to 

180.5 

166.0  to 

181.0 


168.2 
175.0 
170.7 

164.7  to 
167.8 
156  0  to 
160.6 

168.8  to 
171.0 
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Tablb  XXlll^O(mtinued. 


Kind  of  Stone. 


Limestones— Gommon: 
Illlnolg 

Lime  Island,  Mich. . . 

Marquette,  Mich 

Bardstown,  Ky 

Canton,  Mo 

Marblehead,  Ohio... 

Grafton  Magnesian. . 

fiaudstooes: 
Potsdam  (Bed),  N.  Y.. 
Medina,  N.Y 

Uttle Falls,  N.Y.... 

BeUeville,  N.  J 

Middletown,  Conn. . . 

Berea,  Ohio. 

Vermillion,  Ohio  .... 

Marquette,  Mich. 

Seneca,  Ohio    . 

Fond  du  Lac,  Wis  . 

Albion,  N.  Y 

Haverstraw,  N.  Y.... 
Derby  and  Cheshire, 

England 

Edinburirh,  Scotland. 

Pavement: 

Arbroath,  Scotiand.. 

Craigleith,  Scotland. 
Bluestone: 

FlagKing. 

Bricks: 
Common 

Paving 

Best  pressed 

Hard 


Moduli  of  Resistance  or  Strength. 


Crushing, 
in  pounds 
per  sq.  in. 


I 


Tearing, 
in  pounds 
persq.  in. 


Cross-break 

ing,  in  pounds 

per  sq.  in. 


12,775  to 
]  6.000 
15,425  to 
25,000 

7,600  to 

7.8J5 
15,000  to 
16,260 

5,e50  to 

9,260 
12,600 

6,000     < 

7,200  to 
10.100 

42,804 
14,812  to 
17,260 

9,150  to 

9,850 
10,250  to 
11,700 

5,560  to 

6,050 

7,250  to 
10.250 

6.000  to 

8.250 

5.730  to 

7.4.50 

9.«87to 
10,500 

5,110  to 

6,2.M) 
ll.SoOto 
18,500 

4,350 
J  2,186  to 

1a,ioo 

11,260  to 
12,000 


7JBM 
6,287 


600to 
8.000  . 
9,000  to 

15,000     I J 

14,973 

12.000 


100  to 
200 


1,281 
453 


1 


IV)  to 
300 


Length  of 
Beams. 


In  ft. 
/ 


lu  ill 

l/i  =  18/ 


82  to 
128 


fiOto 
181 


200 


10  to 
80 

80  to 
50 


576  t. 
2,840 


860to 
2,360 


8,600 


180to 
540 

540  to 
900 


Coeffi- 
cients of 
Elasticity, 
in  pounds 
p«r  sq.  in. 


E. 


1.533,000 


6,000,000 
10,000.000 
12,000,000 


Absorp- 

tiun,  ui 

per 

cent. 


Weight 

of.  m 

pouiids 

percu.ft. 


0.20  to 
5.0 


a41to 
5.48 


2.0  to 
25.0 
0.15  to 
8.00 


158.8  to 
102.5 
159  4  to 
1612 
146.8 

166.9 

140 


( 


162.S 
149.8  to 
150.6 
140.6 

141.0 

148.5 


187.6  to 
L  181.9 
185.8 

185.0  to 

158.0 

149.8 

188.8 

161.0 


183.0  to 

150.0 

141.8 


155  0 

153.0 

167.1  to 
171.5 

100.0 


150.0 
125.0 
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The  preceding  tables  are  taken  from  various  sources,  and  are 
designed  to  show  fair  ayerages.  The  smaller  values  for  resistances 
to  crushing  refer  in  most  cases  to  crushing  on  edge,  the  larger 
values  when  crushed  on  natural  beds. 

The  tables  show  how  incomplete  are  the  records  in  regard  to 
tensile,  transverse,  and  shearing  strengths,  and  also  how  different 
are  the  results  of  experiment  ia  regard  to  crushing  strength,  as 
indicated  by  the  wide  range  of  resistances  per  square  inch  even  in 
the  same  kinds  of  stone,  resulting  from  the  dimensions  of  the 
specimens,  modes  of  experimenting,  conditions  of  surfaces — whether 
polished  or  not,  the  kinds  of  cushions  used,  etc.  For  instance,  the 
Connecticut  granite  of  Millstone  Point  gives  with  unpolished  sar- 
faces  8  crushing  resistance  of  17,750  pounds  per  square  inch, 
whereas  with  polished  surfaces  for  the  cubes  the  same  stone  gives 
22,880  pounds.  The  same  stone  with  steel  cushions  gives  23,190 
pounds,  with  wood  22,880,  and  with  lead  15,730. 

Massillon  (Ohio)  sandstone  gives  with  leather  cushions  3640 
pounds,  with  lead  5500,  with  wood  6730,  and  with  steel  5660. 
And  similar  results  are  found  for  many  other  varieties  of  stone. 

The  tables,  however,  indicate  the  relations  between  resistances 
to  crushing,  percentage  of  absorption,  and  weights  per  cubic  foot, 
which  will  be  of  much  assistance  in  determining  the  probable 
value  of  any  given  stone  for  building  purposes,  especially  in  regard 
to  wear  and  durability. 

Stones  are  seldom  used  where  tensile  resistance  or  transverse 
strains  are  called  into  play,  and  our  imperfect  knowledge  on  these 
kinds  of  strain  will  not  be  likely  to  cause  injury  or  damage. 

And,  fortunately,  even  the  weakest  of  the  weak  stone  have 
ample  crushing  resistance  to  bear  safely  the  heaviest  loads  that  are 
likely  to  be  placed  upon  them.  Prom  15  to  20  tons  per  square 
foot,  equivalent  to  from  233  to  380  pounds  per  square  inch,  are 
very  unusual  pressures  or  loads,  and  usually  not  more  than  from 
one  half  to  two  thirds  of  these  are  actually  known  to  exist,  it  being 
estimated  that  in  very  high  winds  the  pressures  on  the  leeward 
sides  of  high  towers  may  reach  the  values  above  given. 
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ART.  XXVIL 

STRENGTH  OP  CEMENT.  MORTAR,  CONCRETE,  BfiTON,  AND 

ARTIFICIAL   STONES. 

253.  The  strength  of  artificial  stones,  other  than  brick,  terra- 
cotta, and  similar  materials,  depends  to  a  large  extent  on  the  quali- 
ties of  the  cementing  materials  used.  It  will  be  better,  then,  to 
consider  first  the  strength  of  cements  and  mortars. 

Comparatively  but  a  small  number  of  experiments  have  been 
made  to  determine  the  compressive  resistance  of  mortars,  this 
resistance  being  inferred  from  or  based  on  the  tensile  resistance  of 
the  same  mortars.  Both  of  these  vary  with  the  kind  and  propor- 
tion of  sand  used,  and  the  time  which  has  elapsed  between  the 
mixing  of  the  ingredients  and  the  tests  made,  as  well  as  upon  dis* 
position  of  the  samples  meanwhile,  whether  exposed  to  the  air  or 
immersed  in  water  for  a  part  or  the  whole  of  this  period  of  time. 
It  is  essential  that  all  of  these  facts  and  conditions  should  be 
known. 

254.  The  following  are  some  of  the  experiments  made  by  Gen- 
eral Q.  A.  Gillmore,  Mr.  Bremermann,  Mr.  John  Grant,  and  Mr. 
Henry  Beid  on  the  compressive  resistance  of  many  brands  of 
cement  mortar. 

General  Gillmore  used  cubes  dressed  from  the  parts  of  briquettes 
torn  asunder  in  determining  the  tensile  resistance  of  the  same 
cements.  Both  the  tensile  strength  and  compressive  strength  will 
be  here  given  in  advance  of  explaining  the  methods  used  in  deter- 
mining the  tensile  strength  of  mortars,  in  order  to  avoid  repeti- 
tion. 

The  mortar  was  composed  of  one  part  of  cement  and  one  part  of 
sand  mixed  dry  and  tempered  with  water  to  the  consistency  of 
stiff  mason's  mortar.  The  cubes  were  1-^  inches  on  each  edge, 
equivalent  to  2\  square  inches  on  each  face;  exposed  one  day  in  air 
and  immersed  six  days  in  water. 
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Tablb  XXIV. 

FOBTLAKD   CEMBKTB. 

. 

Resistance  to  Crushing 
in  lbs.  per  aq.  in. 

Resistance  to 

Tearing  in  lbs. 

per  sq.  in. 

Stettin  German  cement . 

1439 

216 

London                   " 

1140  to  1330 

199  to  216 

Saylort  American  " 

1078 

184 

Teil,  France 

931 

158 

Ottawa^  Canada 

882 

141 

Boulogne-sur-Mer^  France 764  108 

SOMAN  AND  OTHBB  GEMENTB. 

Coplay  Cement  Co.^  Pa 

Cumberland  Cement  Co.,  Md*. 

Howe's  Cave,  N.  Y 

Scott's  selenitic  cement ) 

Howe's  Cave  lime  and  plaster  ) 
Parian  cement,  London 

The  following  tests  were  made  on  specimens  2}"  X  4i"  X  9'' 
Pressure  applied  on  flat  sides  9  x  4^  =  38.25  sq.  in.  The  results 
are  giyen  in  pounds  per  square  inch. 


292 

38 

^    196 

41 

170  to  183 

28  to  43 

208 

52 

205  to  1175 

51  to  181 

POBTLAND   CEMENT. 


Age  8  months.  Age  6  months.   Age  9  months. ' 

Neat 3795       5388       5984 

cement,  1  sand..   2491       3478       4561 


**   2  "  ..   2004       2752       364V 


[7 
'*   3  ''  ..   1436       2156       2393 


«   4  "  ..   1331       1797       2208 
*'   5  "  ..    959       1540       1678 


Is. 

as 

O  o 


The  following  experiments  were  made  by  Mr.  Bremermann, 
under  the  direction  of  Capt.  Eads,  during  the  construction  of  the 
St.  Louis  Bridge.  The  specimens  were  12"  long  and  2.5''  in  diam- 
eter.   The  cement  was  the  Fall  City,  Louisville. 
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Table  XXV. 


Louisville 
Cement. 

Besistanoeto 

Crushing, 

in  lbs.  per  sq.  in. 

in  lbs.  per  sq.  in. 

Limit  of 

Elasticity, 

in  lbs.  per  sq.  in. 

Ai^ein 
Days. 

Max. 

Mean. 

Min. 

fieo 

261 
181 

Max. 

Mean. 

Min. 

Max. 

Mean. 

Min. 

424 

191 

06 

1  cement)  0  sand 
1       "        1    *' 
1       •*       8    " 

1689 
788 
489 

1890 
494 
218 

1,MO,000 
1,910,000 
6,688,880 

800,000 
807,000 

i,2a%ooo 

600,000 
217,888 
220,450 

1502 
687 
424 

800 
865 
182 

128  to  148 
117  to  141 
127  tolas 

The  coefficient  of  elasticity  of  concrete  may  be  taken  at  abont 
one- fortieth  that  of  mild  steel. 


Tablb  XXVI. 

Another  set  of  experiments^  made  on  2Y'  cubes,  left  for  12  day& 
in  water  and  6  months  in  the  air,  resulted  as  follows: 

Lbs. 

cement,  0  sand ;  ultimate  crushing  resistance,  2140 
1    "  •*  **  "  788 


It 

(f 

tt 

tt 

(1 

tt 

Fall  City. 

«(      f  ( 

<f     (1 

Beach  &  Co. ,  Louisville. 


tt 
tt 
It 


1 1 
tt 
tt 


tt       tt 


tt 
tt 
tt 
tt 


Hulme  &  Co. ,  Louisyille 


(( 


tt 


tt 


tt 


tt 


tt 


It 

(( 
tt 
tt 
tt 
tt 
tt 
it 
tt 
tt 
tt 
tt 
tt 


2  " 
4  '• 

0  " 

1  " 

U  " 

0  " 

1  " 
1  " 

U  *' 

3  " 

0  " 

1  " 


240 

480 

1587 

400 

240 

1615 

1280 

560 

400 

MS 

280 

2820 

740 

600 

These  tables  show  the  effect  of  increasing  the  volume  of  sand 
in  reducing  the  resistance  to  crushing.  A  4-inch  cube  of  Ran- 
some's  patent  siliceous  stone  gave  a  resistance  of  4200  pounds  per 
square  inch. 

266.  Concrete  cubes  composed  of  Akron  and  Louisville  cement 
in  the  proportions  given  in  the  following  table  gave  the  resistance 
to  crushing  as  shown.  The  blocks  were  kept  in  water  twelve  day? 
and  then  exposed  to  the  air  for  six  months.    Cubes  6"  on  each  edge. 
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Table  XXVII. 

Redstanoe  to  Crushing 
in  lbs.  per  sq.  in. 

1  Akron  cement,  1  sand,  4  broken  limestone 889  to  1170 

1      "            "        2    "       4     "             «          722  "  1361 

1  LouiflTiUe  **       1    «      4     "            «          1194 

1         "          "        2    "      4     '*             «           640to    950 

i  Akron  and  i  Lonisyille  cement,  1  sand,  4  broken 

limestone 1170  to  1445 

i  Akron  and  i  Lonisyille  cement,  2  sand,  4  broken 

limestone 611  to  1361         ^ 

2-inch  cubes  of  silicated  stone  composed  of  I  part  Portland 
cement  and  3  parts  Thames  ballast,  ganged  with  water,  and  placed 
in  silicate  bath  11  days,  gave  cmshing  resistance  of  4257  to  5650 
pounds  when  12  months  old. 

Blocks  of  Sorel  stone,  made  by  a  French  chemist,  containing 
from  12  to  15  parts  oxide  of  magnesium  and  mixed  with  sand  or 
powdered  marble,  after  being  made  into  paste,  hardens  suffi- 
ciently to  be  handled  in  twenty-four  hours  to  three  or  four  days; 
and  at  the  age  of  from  one  to  three  years  has  a  resistance  to  crush- 
ing of  from  4920  to  21,560  pounds  per  square  inch. 

The  following  table,  taken  from  Mr.  J.  Grant's  experiments, 
shows  the  effects  of  compressing  the  concrete  in  layers  and  not 
compressing  the  layers  in  making  the  blocks,  and  also  the  relative 
results  obtained  from  specimens  exposed  to  the  air  and  when 
immersed  under  water.  The  resistance  is  given  in  tons  per  square 
foot,  the  ton  being  2240  pounds. 

In  these  blocks  the  Portland  cement  used  weighed  110.56 
pounds  per  bushel,  and  had  a  tensile  strength  of  427  pounds  per 
square  inch  after  seven  days*  immersion  in  water.  The  compressed 
blocks  were  in  layers  of  1  inch  thick,  and  compressed  by  ramming. 

It  is  seen  that  the  blocks  containing  the  larger  proportion  of 
cement  are  the  stronger  nearly  in  the  proportion  to  the  quantity  of 
cement.  The  average  of  those  kept  in  water  are  the  stronger  when 
the  concrete  was  compressed  or  rammed,  and  somewhat  irregular 
wh^n  not  compressed* 

In  a  recent  report  on  the  proposed  Hudson  Biver  Bridge,  by  a 
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TABLE   XXVm. 
ULTIMATE  RESISTANCE  IN  TONS  PER  SQUARE  FOOT. 


Compressed. 

Not  Compressed. 

One  Volume  of  Portland 

Cement  to  Volumes  of 

i  l&llast  of  Sand  and  Gravel. 

Blocks 
12"  X  18"  X  12". 

Blocks 
6"  X  6"  X  6". 

Blocks 
6"X6"X«". 

Kept  in 

Air. 

Kept  in 
Water. 

Kept  in 
Air. 

Kept  in 
Wat«r. 

Kept  in 
Air. 

Kept  In 
Water, 

1   

j     Exoe 

i  107 

149 

118 

108 

89 

80 

75 

61 

54 

49 

ptional    } 

170  f 

160 

115 

108 

99 

91 

80 

76 

68 

48 

152 
172 
120 
120 

98 

81.6 

66 

54 

48 

42 

184.5 
188 
142 
112 
142 
•   74 

64 

54 

44.5 

42 

120 
154 

96 
112 

96 

72.8 

56 

50 

40 

82 

150 

2 

8 

144 
112 

4 

108 

5 

6 

94 

68 

7 

50 

8 : 

9 

44 
86 

10 

28 

board  of  eminent  engineers,  the  strength  of  concrete  to  resist 
crushing  is  given  as  follows:  Proportions,  1  cement,  2  sand,  5 
broken  stone  in  cubes  1  foot  on  edge.  Hardened  in  water  45 
days,  425  pounds  per  square  inch,  or  30.5  tons  per  square  foot. 
Hardened  in  water  one  year,  1,520  pounds  per  square  inch,  and  in 
air  one  year,  1,620  pounds  per  square  inch. 

THE   DETERMINATION   OF  TENSILE  STRENGTH   OF  CEMENTS. 

• 

256.  As  has  already  been  mentioned,  concretes  and  mortars  are 
almost  exclusively  subjected  to  compressive  strain,  rarely  to  tensile 
strain;  yet  for  reasons  of  convenience  in  testing  the  tensile  strain 
is  determined,  and  from  it  the  compressive  resistance  is  inferred 
or  deduced  from  the  experiments.  It  is  usually  taken  as  equal  to 
from  8  to  10  times  the  tensile  strength  of  the  same  mortar  at  the 
same  age. 

The  tensile  strength  of  the  same  cement  paste  or  mortar  depends 
upon  the  form  of  the  specimen  or  briquette,  the  method  of  gauging 
the  cement,  the  amount  of  water  used,  and  the  manner  of  making 
the  test. 
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The  briqnettes  are  made  either  of  neat  cement  or  of  cement 
mixed  with  any  desired  proportion  of  sand. 

Briquettes  of  Neat  Cement. — The  sample  barrels  of  cement 
should  be  bored  into  with  an  auger,  and  the  portions  taken  out  by 
the  auger  should  be  mixed,  turned  over,  and  allowed  to  cool.  If 
sacks  are  used,  samples  should  be  taken  out  of  a  number  of  them 
and  treated  as  aboTe. 

From  this  heap  a  small  quantity  is  worked  into  a  paste  with 
sufficient  water  to  cause  a  little  moisture  to  appear  when  pressed 
or  gently  tapped  a  few  times  with  the  trowel.  This  paste  should 
then  be  made  into  cakes  3  or  4  inches  in  diameter  and  from  |  to 
}  inch  in  thickness. 

If  it  requires  two  hours  or  more  to  become  firm  enough  to  resist 
the  pressure  with  the  finger  or  a  nail,  it  will  be  classed  as  a  slow- 
setting  cement,  and  many  briquettes  can  be  made  at  the  same  time. 
If  quick-setting,  only  enough  for  three  or  four  briquettes  should  be 
mixed.  The  paste  then  is  placed  in  moulds  of  brass.  These  moulds 
are  generally  split  longitudinally,  and  the  two  parts  held  together  by 
springs,  screws,  or  catches.    Sometimes  they  are  hinged  at  one  end. 

The  mould  should  be  wiped  out  with  a  greasy  cloth,  and  placed 
on  slate,  marble,  or  glass  plate.  Sometimes  a  few  pieces  of  blotting- 
paper  are  first  placed  on  the  plate,  the  moulds  resting  on  the  paper. 
The  proper  quantity  of  cement  is  then  mixed  with  suflBcient  water 
to  bring  it  to  a  good  paste.  The  mixing  should  continue  until  the 
paste  presses  slick  and  smooth  under  the  trowel.  The  mixing 
should  be  done  on  the  non-absorbent  plate.  The  moulds  are  then 
filled  quickly,  pressing  or  gently  ramming  the  paste  so  as  to  fill  the 
moulds  with  a  homogeneous  mass  free  from  air  bubbles  or  spaces. 
It  is  then  smoothed  off  even  with  the  edges  of  the  moulds.  The 
moulds  should  then  be  numbered  and  placed  in  some  damp  place, 
or  kept  damp  by  spreading  a  wet  cloth  over  them.  In  some  cases 
the  moulds  can  be  opened  and  removed  in  a  few  hours,  sometimes 
only  after  twenty-four  hours.  This  should  be  carefully  done, 
so.  as  not  to  leave  flaws  or  mashed  edges.  Unless  the  cement  is 
very  slow-setting,  the  briquettes  can  be  placed  in  water  in  about 
twenty-four  hours  after  mixing  and  moulding.  If  necessary  they 
must  be  kept  on  glass  plates  in  a  damp  place  until  they  can  be 
placed  in  water.  The  water  should  have  a  temperature  of  60**  to 
70^  Fahr. 
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267.  Briquettes  of  Cement  and  Sand. — ^The  cement  and  sand 
may  be  proportioned  by  weight  or  by  volume :  1  cement  to  1  sand, 
1  to  2  or  1  to  3,  etc.  These  should  be  mixed  dry  and  then  worked 
into  a  paste  with  the  proper  quantity  of  water,  clean  and  pure  and 
of  the  proper  temperature.  The  paste  is  then  pressed  or  rammed 
into  the  mould.  It  must  be  recollected  that  with  sand  it  requires 
a  longer  time  to  become  firm  enough  for  remoyal  from  the  moulds 
or  immersion  in  water.  If  done  too  quickly,  the  samples  will  not 
keep  their  forms. 

An  excess  of  water  will  giye  a  porous  specimen,  which  also  takes 
longer  to  harden.  From  10  to  20  per  cent  of  water  will  be  suffi- 
cient. Experiments  have  shown  that  an  increase  from  19  to  25 
per  cent  of  water  was  accompanied  by  a  loss  of  from  28  to  40  per 
cent  in  tensile  strength.  With  hot  and  quick-setting  cements  more 
water  is  required  than  with  cool  and  slow-setting  ones.  Salt  water 
increases  the  strength  so&ewhat,  but  it  should  not  be  used  in 
walls  of  houses.  The  water  should  not  be  dirty  or  muddy,  as  it 
injures  the  cement  Hot  water  should  not  be  used  unless  it  is 
desirable  to  hasten  the  setting. 

Many  forms  of  briquettes  have  been  adopted — ^with  square  heads 
connected  by  a  square  neck,  or  rounded  heads  with  square  necks 
or  connecting  prisms.  The  form  recommended  by  the  American 
Society  of  Civil  Engineers  is  shown  in  the  following  diagrams.  The 
smallest  section  between  the  heads  is  usually  1  square  inch,  1  inch 
on  each  side.    It  is  sometimes  made  1^^'  X  IV'  =  ^i  square  inches. 

258.  When  the  samples  are  to  be  tested  they  are  placed  in  clips 
connected  with  properly  arranged  levers  so  as  to  give  a  straight  pull. 
The  clips  are  made  so  that  they  only  touch  the  specimens  at  four 
points.  If  the  pressure  is  distributed  over  any  appreciable  surface 
on  the  specimen  there  will  be  a  want  of  uniformity  and  directness 
in  the  stress.  '  In  the  more  approved  forms  of  briquettes  the  changes 
in  dimensions  are  very  gradual  from  the  head  to  the  middle  or 
smallest  cross-section. 

The  dimensions  and  sections  of  a  common  form  of  briquette 
are  shown  in  Figs.  104, 108,  and  of  the  more  approved  form  as  giv- 
ing the  better  results  are  seen  in  Figs.  105,  109.  The  clips  and 
the  method  of  taking  hold  of  the  specimens  are  shown  in  Figs.  106, 
108,  and  109. 
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A  simple  testing  apparatus  for  crashicg,  shearing,  and  tearing 
resistance  is  glTen  in  Fig.  107,  and  a  more  delioate  apparatus  in 
Pig.  111. 


Pro.  106.  Fio.  109. 

The  nsn&l  forms  of  monlds  are  shoim  in  Pig.  110.  During 
the  testing  the  weighte  eboald  be  applied  uniformly  &nd  rery 
gradnally,  at  a  rate  not  exceeding  400  pounds  per  minute,  especially 
vhen  nearing  the  breaking-point.  There  are  other  forms,  methods, 
snd  apparatus  used.     Care  and  accuracy  are  essential. 
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The  principles  and  application  of  the  Bimple  beam  machine. 
Fig.  107,  are  clear.  Id  this  case  it  can  be  readily  made  by  any 
mechanic,  but  is  of  course  rough,  and  will  give  only  approximate 
resnlts.  These  beams  are  often  carefully  mounted  on  knife-edges 
set  in  a  pillar  mounted  on  a  stand.  Arrangements  are  made  by 
chords  and  pulleys  by  which  the  eliding  weight  w'  can  be  moved 
gradually  and  uniformly,  and  also  prevented  from  slipping  when 


Fig.  110. 
rupture  of  the  specimen  occurs.     This  apparatus  can  be  made  to 
register  very  accnrate  results. 

A  more  delicate  apparatus  is  shown  in  Fig.  Ill,  which  is  known 
as  Michaelis'  Double-lever  Cement-testing  Apparatus,  the  com- 
bined leverage  of  which  is  1  to  50 ;  that  of  the  longer  is  1  to  10,  and 
that  of  the  shorter  1  to  5.  Each  lever  has  tliree  hardened-stee) 
knife-edges  acting  upon  hardened -steel  concave  bearings,  so  that 
an  extremely  accurate  balance  is  obtained.  The  short  arm  of  the 
upper  lever  is  provided  with  a  movable  counterpiece  to  secure  the 
correct  position  of  the  levers,  which  is  indicated  by  a  mark  on  the 
upright  catch  at  the  top  of  the  column.  At  the  extremity  of  the 
long  arm  is  suspended  a  small  brass  frame  to  carry  the  shot- 
bucket. 

On  the  lower  lever,  near  the  fulcrum,  is  suspended  the  upper 
clamp  or  clip  for  holding  the  briquettes.  The  lower  clip  is  fixed 
to  the  base  of  the  column  and  adjusted  by  means  of  a  screw. 
When  ready  to  make  the  test,  the  briquette  is  removed  from  the 
water,  dried,  and  placed  into  the  clamps,  which  must  be  accurately 
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adjnsied  to  the  sides  of  tbe  briquette,  and  the  screw  applied  QDtil 
the  tipper  edge  of  the  long  lever  is  opposite  the  mark  on  the 
upright  catch.  Fine  shot  are  then  allowed  to  roll  from  the  shoot 
just  above  into  the  bucket  suspended  from  the  long  lever  nntil  the 
briquette  breaks,  and  at  this  point  the  snppl;  of  shot  is  cut  off. 
The  breaking  stress  is  then  exactly  fifty  times  the  weight  of  the 
shot  and  the  bucket.    This  weight  must  he  accurately  determined. 


Fie.  ni.    Hichaelis'  CemeDl-tesliDg  Apparatus. 

The  above  ia  taken  from  "  Notes  on  Building  Confltruction," 
where  will  also  be  found  a  large  number  of  other  machiuea,  with 
full  deecription  of  the  manner  of  using  them.  These  machines  are 
capable  of  testing  to  1000  pounds. 

259.  The  following  table  gives  a  fair  average  range  of  tensile 
strength  of  Rosendale  and  Portland  cements  in  pounds  per  square 
inch,  in  which  the  weakening  effects  of  the  sand  are  shown  in  all 
conditiona  and  ages: 

Table  XXIX.  (Byrne). 


Fottli 

u>d. 

»ss. 

Aire 

Ommt. 

&ud- 

IW«*. 

IM^atb. 

BUootbi. 

1  Tear 

iweet. 

1  Uonth. 

SUonthi 

.Y«r. 

fl 

100 

180 

375 

Bon 

800 

400 

450 

500 

1 

60 

100 

leo 

325 

350 

S40 

375 

« 

120 

150 

345 

S 

20 

40 

80 

1311 

W 

110 

175 

320 

4 

10 

2S 

60 

W 

75 

73 

130 

1711 

5 

10 

15 

50 

80 

60 

66 

no 

180 

« 

e 

10 

45 

7.^ 

GO 

85 

812 
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260.  As  to  the  fineness  of  sand  and  its  effects  on  the  strength 
of  mortars  there  is  much  difference  of  opinion.  The  following 
tables  giye  the  results  of  a  few  experiments^  showing  the  weaken- 
ing effects  of  tine  sand.  Portland  cement  was  nsed.  The  figares 
represent  pounds  per  square  inch.  * 

Table  XXX. 


Mortar. 

• 

1  OemAnt^  1  Sand. 

1  Cement,  S  Sand. 

1  Cement,  8  Sand. 

Fine  Band, 

Coaroe  Sand, 

Fine  Sand. 

Ooarae  Band. 

Fine  Sand. 

Coarse  Sand. 

JL  weGK  •  *  •  . 

1  month... 

86 
103 

95 

303 

83 
81 

68 
94 

19 
49 

41 

74 

The  following  table  is  designed  to  show  the  results  of  some  ex- 
periments made  to  determine  the  relations  between  the  weight  and 
tensile  strength,  the  specimens  being  seven  days  old: 


Table  XXX  (A). 

Weight 
per  Bush^ 

Brand. 

Tensile  Resistance 
in  lbs.  per  square  inch. 

Per  cent,  passing  a 
No.  50  Sieve, 
S^SOOMeslies. 

101.5  to  108 
113     "  130 
131     "  183 

Alsen's  (German) 

Burham 

Baylor's  (American) 

836  to  840 
363  *'  817 
360"  869 

98  to  91 
84"  90 
78"  90 

261.  From  these  and  many  other  experiments  the  following 
conclusions  have  been  drawn  by  the  experimenters.  N"ot  that  all 
agree  on  these :  in  fact  on  many  points  decidedly  different  opinions 
are  given. 

The  tensile  strength  is  increased  materially  at  first  by  raising 
the  temperature  of  the  water  from  33°  to  70""  Fahr.,  but  after  an 
interval  of  several  weeks  the  effects  are  not  so  marked,  and  may  be 
actually  diminished  by  an  increase  in  the  temperature  of  the  water. 

The  slower  the  cement  is  in  setting  the  more  its  strength 
increases.  Mortar  made  of  equal  quantities  of  sand  and  cement 
will  have,  at  the  expiration  of  one  year,  three  fourths  the  strength 
of  neat  cement;  1  cement,  2  sand,  one  half;  1  cement,  3  sand,  one 
third;  1  cement,  4  sand,  one  fourth;  and  1  cement,  5  sand,  one 
sixth  the  strength  of  neat  cement. 
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The  cleaner  and  sharper  the  sand  the  greater  the  strength. 
The  stiffer  the  cement  is  ganged^  that  is,  the  less  the  amount  of 
water  used,  the  better. 

If  immersed  in  water  the  mortar  will  be  stronger  than  out  of  it. 
Salt  water  is  as  good  as  fresh  water  in  mixing  cement  (Portland). 
Neat  Portland  cement  bricks  when  six  to  nine  months  old  are  as 
strong  as  the  best  bricks. 

Portland  cement  bricks,  1  part  cement  and  4  to  5  sand,  will  be 
as  strong  as  the  best  stocks. 

The  strength  of  concrete  increases  with  the  proportion  of 
cement  used,  except  in  case  of  very  weak  cements.  It  is  essential 
that  the  bricks  and  stones  used  should  be  soaked  in  water. 

A  No.  80  sieve  should  pass  from  80  to  90  per  cent  of  the  cement, 
and  a  No.  50  should  pass  not  less  than  90  per  cent  and  often  as 
much  as  95  per  cent.  A  No.  80  sieye  contains  6400  meshes  per 
square  inch;  a  No.  50,  2500  meshes.  Cements  are  ground  much 
finer  than  the  above. 

Without  any  well-established  standards  for  coarse  and  fine 
sands,  we  may  say  that  a  sand  would  be  called  coarse  that  will  pass 
a  No.  8  sieve,  64  openings  to  the  square  inch,  but  will  not  pass  a 
No.  16,  256  meshes  per  square  inch;  and  a  fine  sand,  one  that  will 
pass  a  No.  16  but  will  not  pass  a  No.  25,  625  meshes  per  square 
inch.    Much  finer  sands  are,  however,  often  used. 

262.  Adhesion, — But  few  experiments  have  been  made  to  deter- 
mine the  adhesion  of  mortars  to  other  materials.  The  following 
results  are  taken  from  various  sources : 


Table  XXXI. 

Adhesion  to*  sq.  InT         Days. 


Founds  per    Aff  e  in 
Dai 


QuickUme  mortar: 

llime,      Ssand limestone 9to  15       16 

1    "         a    "  •'      15  180 

1    "         3    "  hard  bricks 40  180 

1    "         a    "  soft       "     ..../...  18  180 

Quick-setting  mortar  (cement): 

1  cement,  2  sand hard  bricks 28  7 

1      ••       2    "   *'        "    59  80 

Slow-setting  mortar  (cement): 

Icement,  2  sand hard  bricks 15  7 

1      *•       2    "   •«        "      80  80 
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Table  XXXI  {(hnUntted). 

Adhesion  to— 

Rosendale  mortar  (cement): 

1  cement,  0  sand  (neat) Croton  bricks. 


1 
1 
1 
1 
1 
1 
1 


«< 

(C 

•  i 
•• 
<« 
(( 
(( 


1 

2 
8 
4 
0 
1 
3 


it 
<< 
<< 

<4 


(neat). 


« 
it 

•< 

u 

€t 


it 

•  < 
4€ 
*t 
<« 
€€ 


Poundfi  per 
8q.  incn. 


80.8 
15.7 
12.8 
6.8 
5.3 
68.4 
40.0 
24 


27.5 

20.8 

12.0 

9.2 

7.9 

218 
105  to  146 


Rosendale  mortar: 

neat cut  granite 

1  cement,  1  sand **       **      

1       "        2    " "        "      

1      **       8    **   .••••••••  ••••   ••      **        " 

1       '*        4    "     .  •  •  ■  ««        «« 

Portland  mortar: 

neat bricks 

1  cement,  1  sand "    

1      "       2    "   "    ,.    45to   78 

1      ••       8    "   "    24to   48 

1       "        4    "   *'    14to   45 

neat sawed  limestone . . . 

**   cut  granite 

*'   Bridgewater  bricks 

"   sandstone 

*'   bricks 

1  cement,  2  sand " 

1      '*       2    ••    *'   

1      "       2    "   •'   


(( 


«* 


78 
97 
66 
49 
68.8 
46.9 
569 
54 
**    45tol28 


1  cement,  1  sand " 


Age  in 
Days. 


80 

80 

80 

30 

80 

820 

820 

820 

80 
30 
80 
80 
80 

28 
28 
28 
28 
28 
30 
80 
80 
30 
42 
42 
56 
56 
1  yr. 


44  to   62     1 


<( 


The  test  for  adhesion  is  made  by  cemeDting  bricks  together 
and  separating  by  a  direct  pull.  With  strong  cements  the  pull 
may  either  break  the  bricks  themselves  or  the  cement  mortar  may 
give  way  by  tearing  apart  itself.  This  was  the  case  with  some  of 
the  above  tests,  and  is  consequently  no  measure  of  the  adhesion. 
Some  cements  which  have  high  tensile  strength  give  low  values  for 
adhesion,  and  vice  versa.  The  adhesion  of  mortars  to  bricks  or 
stones  varies  greatly  with  the  kind  of  brick  or  stone,  especially  with 
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their  porosity.  It  also  varies  with  the  kind  of  cement,  kind  and 
quantity  of  sand,  the  age  of  the  mortar,  and  the  condition  of  the 
material  with  regard  to  cleanness  and  wetness  or  dryness. 

263,  The  resistance  to  shearing  of  mortar  in  joints  of  masonry 
and  parallel  to  the  joints  has  been  found  as  follows: 

Tablb  XXXIl. 


Portland  cement  mortar,  neat  78.9  pomids,  when  49  days  old. 

"  ••  "      1  cement,  1  sand,  156       "         **     62    "     " 

"      1      "       2    •'      100.6 

"  "       1      «•        2    ••        72.5 

Hydraulic  lime        "      i      ««       g    "       76.8 

Quicklime  ..      j      ••       g    "         7.1 


«<     52    '*      " 

«     90    ««     .< 
••     90    "     •* 


SHEARS  IN  CUBES  OF  CEMENT  MORTARS  DRIED  IN  AIB. 

Portland  cemeut  (Bonu):  neat,  869.7;  1  to  1,  869.7;  1  to  2,  284.4; 

1  to  3,  142.2  lbs.  persq.  in 60  days  old. 

Portland  cemeut  (Perlmoos):  neat,  256.0;  1  to  1,  405.8;  1  to  2, 

883.9;  1  to  8.  862.6;  1  to  4.  820  lbs.  per  square  inch 60  days  old. 

The  shearing  resistance  of  mortars  in  cnbes  seems  to  be  greater 
than  the  tensile  strength  at  the  same  age  and  under  the  same  con- 
ditions by  about  20  per  cent. 

Quick-setting  cements  seem  to  give  greater  adhesive  strength 
than  slow-setting  cements.  The  adhesive  and  shearing  resistance 
of  mortars  in  those  masonry  structures  which  are  subjected  to 
lateral  pressures  are  more  important  considerations  than  they  seem 
to  have  been  credited  with;  and  in  fact  so  little  is  known  in  regard 
to  these  matters  that  but  little  if  any  value  is  given  to  them  in  pro- 
viding stability  against  sliding  or  overturning  of  masonry  structures. 
Friction  of  masonry  on  masonry  and  sufficient  weight  are  alone 
considered. 

264.  The  crushing  resistance  of  mortar  as  determined  with 
cubical  blocks  furnishes  no  idea  of  its  strength  when  in  thin 
layers^  as  in  the  joints  of  masonry  structures. 

It  is  an  undoubted  fact  that  the  strength  of  mortars  against 
crushing  increases^  as  the  thickness  compared  with  the  base  or  bed 
area  decreases,  per  unit  of  area  of  base,  but  no  experiments  seem  to 
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have  been  made  to  determine  the  law  of  this  decrease.  Altogether, 
it  seems  that  the  determinations  of  tensile  strength  alone  of  mortars 
furnish  but  a  vague  and  unreliable  standard  by  which  to  judge  of 
the  value  and  suitableness  of  a  given  mortar  for  building  purposes. 
266.  The  true  principle  in  mixing  mortars  is  to  use  as  much 
sand  as  possible,  without  unduly  reducing  the  strength  of  the 
mortar,  from  considerations  of  economy.  So  long  as  the  mortar  is 
weaker  than  the  stone  or  bricks  used,  the  strength  of  the  wall  will 
increase  as  the  strength  of  the  mortar  increases,  until  the  two  are 
nearly  equal.  When  they  are  equal  in  strength,  the  fracture 
would  follow  a  straight  line  rather  than  along  the  joints.  This 
can  be  brought  about  in  brickwork  and  in  walls  built  of  ordinary 
stone,  if  not  with  the  hardest  stones.  It  is,  however,  not  only 
unnecessary  but  wasteful  to  make  the  mortar  stronger  than  the 
bricks  or  stones  to  be  united.  But  little  if  any  attention  seems  to 
be  given  to  these  considerations  in  fixing  the  proportions  of  cement 
to  sand  in  preparing  mortars,  exactly  the  same  proportions  being 
frequently  used  both  in  large  thick  masses  of  concrete  supporting 
masonry  structures  and  in  the  thin  masonry  joints  of  piers. 

266.  Concrete. — The  tensile  strength  of  concrete  is  of  no  great 
importance,  as  concrete  is  seldom,  and  should  never  be,  put  under 
a  tensile  stress.  When  used  in  foundations  it  may  be  called 
upon  to  act  as  a  beam  in  case  of  undermining  or  unequal  settling  of 
the  foundation-bed,  and  in  large  thick  masses  may  save  a  structure 
from  destruction,  at  least  for  a  time.  It  then  acts,  however,  as  a 
beam.  The  following  tables  give  some  average  results  of  experi- 
ments on  the  transverse  resistance  of  cement  and  concrete  beams. 
The  prisms  were  all  broken  by  the  application  of  a  centre  weight, 
and  from  this  the  value  of  /,  the  modulus  of  rupture,  was  then 
calculated  from  the  usual  formulae.  If  the  weight  of  the  concrete 
prism  is  PF,,  and  is  taken  into  consideration,  then 

1^  being  the  applied  centre  weight,  and  J,  ^,  I  all  in  inches.  If  the 
weight  of  the  beam  is  not  considered,  or  is  to  be  included  in  IT, 
the  centre  weight,  the  value  of /is  found  from  the  usual  formula, 

f=\w      •••••••   (Ui) 


STBENQTH  OF  CEMEITT,  HOBXAR,  COKCRETE. 


S17 


Table  XXXIII. 

■ 

isenoN  op  pribmb  d  incheb  aquarb.    qlbak  lbngth  bbtwsbn  buppobts 

4   I24CHS8. 


Kind  of  Oement. 


Oompositioo  of  Mortar. 


j™«- ]S5ordjr;eni::: 

,*  ,.  j  1.4  vols,  water 

(  i4        '*     dry  cement. 

Hoffman's  Rosendale.  Pure     cemuut     and 

I    water  (tUin) 

HoJffman'sRosendule.  Pure     cement     and 

water  (thiu) 

Delafield  and  Baxter,; Pure     cement     and 


Rosendale. 
Delafield  and  Baxter, 
Rosendale. 


0.0 
82.0 

0.0 
82.0 
0.0 


water  (thin) 

Pure     cement     and 
water  (stiff) I    82  0 


281.5 
497.5 

646.0 
692.5 
618.0 

871.6 


o>^ 


Hi 
pi 


211 
878 

485 
519 
469 
654 


Ag«of 
Mortar. 


60  days. 


«i 


820 


(< 


<< 


«> 


These  samples  were  kept  in  a  damp  place  for  twenty-four 
hours,  the  remaining  time  in  salt  water. 

^,   ,    .  ^         .  (     Pure      1  vol.  cement,    1  vol.  cement.  Age  of 

Kind  of  Cement.  -j  Cement.      1  vol.  sand.      2  vols.  sand.  Cement. 

(/In  pounds  per  square  inch.)  Dnys. 

English  Portland 1152  945  713             320 

Cumberland,  Md 716  690  419 

Newark  and  Rosendale...  631  420  375              " 

Shepherdstown,  Md 560  464  338 

Akron,  N.  Y 573  489  453 

Lawrence,  Hoffman  brand  656  684  1  year. 

Round  Top,  Md —  630  —         1    " 

These  samples  were  also  kept  in  salt  water  after  the  first 
twenty-four  houra.  Samples  2  inches  square;  clear  length,  4 
inches. 
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Table  XXXIV.    . 

Concrete  prisms  6x6  inches  X  2  feet;  clear  distance  between 
supports  12  inches^  the  ends  overhanging.  In  this  case^  considered 
as  simply  supported  at  ends^ 

3  Wl  _3WxU_W  .      . 

•^  "  2  6d^  ■"  2   6  X  36  "  12 ^^^"^^ 

All  of  the  prisms  were  composed  of  I  vol.  Portland  cement,  2 
vols,  sandy  5  vols,  small  broken  stone.  All  prisms  were  one  month 
old. 

Temperature,  Fahr.         tj»,^^c„,,.o  ^f  a^^^r^^i^  Centre       Modulus  of 

nfJ.     Of  Concrete      ^^f^^^L^!^^^        Weight  TTin  Rupture/. 
^^^*'^-     when  Mixed.  after  Mixing.  ^^^  y^^^^f' 

18°  40°  In  river.  525  44 

18  40  Exposed  outside.  775  60 

18  40  "       indoors.  1125  94 

18  98  In  river.  175  15 

18  98  Exposed  outside.  325  27 

18  98  "       indoors.  750  63 

24  40  **       outside.  1800  150 

24  97  "            ''  800  67 

32  40  *'            '*  1475  123 

32  98  «            *'  700  58 

267.  The  following  is  taken  from  the  American  Architect  and 
Building  News  of  September  2,  1893 :  "  The  extended  and  ex- 
tending use  of  concrete  in  the  form  of  arches^  beams,  and  slabs  in 
bridges,  floors,  pavements,  etc.,  render  any  recent  experiments  on 
the  strength  of  concrete  very  important.  In  the  following  experi- 
ments the  slabs,  or,  more  properly,  beams,  were  made  with  good 
Portland  cement  (having  a  tensile  strength  of  665  pounds  per 
square  inch  when  seven  days  old)  and  clinker  obtained  from  fur- 
naces which  burned  ash-pit  refuse.  The  clinker  was  crushed  and 
passed  through  a  screen  with  three-quarter-inch  meshes,  and  thor- 
oughly washed  with  clean  water.  This  was  done  to  prevent  the 
concrete  from  swelling  and  '  blowing  *  after  setting.  The  propor- 
tions were:  (1)  1  part  cement  to  4^  clinker;  (2)  1  part  cement  to  6 
clinker;  (3)  1  part  cement,  6  parts  of  the  coarse  clinker,  and  2 
parts  of  clinker  ground  to  the  fineness  of  coarse  sand.    The  con- 
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Crete  was  well  rammed  into  greased  wooden  moulds.    From  each  of 

the  above  mixtures  three  slabs  or  beams  were  made  of  the  following 

dimensions,  respectively:  21  X  18  X  4  inches;  30  x  18  X  6  inches; 

and  39  X  18  X  9  inches.    They  were  kept  dry  until  tested.    The 

clear  length  of  span  for  the  above  beams  were  12, 18,  and  27  inches, 

3  wl 
respectively.    Using  the  formula  for  modulus  of  rupture,/  =—  -r-ra, 

/taken  in  hundredweights  (cwt.)  of  112  lbs.,  it  was  found  that 
for  concrete  (1),  proportions  1  to  4|,  /  =  1.9  cwt.  =  202.8  pounds, 
age  15  days,  and  2.8  cwt.  =  313.6  pounds,  age  21  days;  for  con- 
crete (2),  1  to  6,/=  1.2  cwt.  =  134.4  lbs.  in  14  days,  and  only  1.1 
cwt.  =  123.2  pounds  in  21  days;  for  concrete  (3),  1,  6,  and  2  parts, 
or  1  to  8,/ =  0.3  cwt.  =  33.6  pounds  in  14  days,  and  0.4  cwt.  = 
44.8  pounds  in  21  days.  These  tests  were  not  entirely  consistent, 
some  of  the  beams  giving  two  times  the  strength  of  others  of  the 
same  series.  The  beams  yielded  suddenly,  with  no  signs  of  yield- 
ing before  the  total  collapse.  The  age  of  the  concrete  was  not  suf- 
ficient to  give  satisfactory  results.  These  experiments  confirm  the 
belief  of  the  unsuitableness  of  concrete,  when  used  alone,  for  resist- 
ing transverse  stresses.  These  beams  were  simply  supported  at  the 
ends.  If  they  had  been  fixed,  the  probability  is  that  the  lower  sur- 
faces would  have  cracked  before  the  total  collapse,  and  the  strength 
might  have  been  increased  three  or  four  times  that  actually  found. 

A  beam  composed  of  equal  volumes  of  Portland  cement  and 
coke  breeze,  tested  in  1891,  yielded  a  value  ot  f=  5.9  cwt.  =  660.8 
pounds  when  only  seven  days  old ;  and  another  beam,  composed  of 
1  part  Portland  cement  and  4  parts  clean  breeze,  gave  a  value  for 
/  =  4.1  cwt.  =  459.2  pounds  when  43  days  old. 

268.  Accelerated  Tests  for  Soundness  of  Cements. — It  is  gen- 
erally conceded  that  neither  chemical  analysis  nor  the  usual  tests 
for  setting  and  tensile  strength  of  cements  are  of  much  value  in 
determining  the  durability  of  a  cement.  The  cold-water  test  requires 
a  longer  time  to  give  reliable  results  than  is  usually  available. 
Therefore,  heat  tests  of  various  kinds,  such  as  subjecting  the  mortar 
to  the  heat  of  a  flame  or  kiln,  or  to  hot  water  and  steam,  have  been 
recommended  and  tried.  A  series  of  such  tests  have  been  made  bv 
Mr.  Fred.  P.  Spaulding.     (See  Engineering  Neios,  Aug.  24,  1893.) 

The  durability  or  soundness  of  hydraulic  cement  is  more  impor- 
tant than  its  tensile  strength  when  a  few  days  old.    Most  cements 
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will  proye  strong  enough  for  the  usual  purposes  of  construction^ 
hut  their  strength  is  of  suiall  moment  if  in  a  few  weeks  or  months 
they  will  crack  and  disintegrate.  Unsoundness  is  commonly  due 
to  an  excess  of  the  lime^  or  to  an  imperfect  combination  of  the  lime 
with  the  silica  and  alumina.  An  oyer-limed  cement  rapidly  disinte- 
grates or  swells  in  sea-water^  owing  to  the  dissolution  of  the  lime 
by  the  salts  therein,  or  to  the  formation  of  crystalline  compounds 
with  the  sulphates  in  the  water,  causing  expansion.  This  is  usually 
called  '^  blowing  ^^  of  the  cement.  This  may  occur  in  air,  but  more 
commonly  in  water,  especially  sea-water;  it  may  occur  in  a  few 
hours  after  mixing,  and  it  may  not  show  itself  for  months  after 
mixing.  Disintegration  may  arise  from  the  use  of  dirty  water,  or 
dirty  sand,  exposure  of  green  mortar  to  severe  frosts,  or  from  many 
other  causes.  It  is  proposed  to  determine  the  question  of  sound* 
uess  by  hastening  those  changes  and  combinations  which  bring 
about  the  setting  and  hardening  of  cement  mortars.  There  are 
other  materials  than  lime  which  cause  disintegration,  such  as  alu- 
minate  and  ferrate  of  lime,  sulphate  of  lime  or  gypsum,  and  also 
magnesia.  The  dry-heat  test,  such  as  subjecting  the  mortar  to  the 
intense  heat  of  a  flame  would  seem  to  act  injuriously,  whereas 
much  valuable  indication  of  the  soundness  of  a  cement  may  be  ob- 
tained from  the  moist-heat  tests.  The  presence  of  moisture  seems 
essential  to  proper  hardening  and  setting.  Whether  the  tempera- 
ture should  be  above  or  below  the  boiling  point  of  water — that  is,  in 
water  under  212''  Fahr.,  or  as  steam  at  15  atmospheres  of  pressure, 
390°  Fahr. — is  not  settled.  Moderate  temperatures  would  seem  to 
be  advisable,  as  corresponding  more  nearly  to  the  normal  conditions 
accompanying  the  setting  of  cement.  (For  an  interesting  and  full 
discussion  of  this  subject,  see  the  Engineering  News,  Aug.  24, 
1893.) 

A  cement  which  resists  well  a  hot-water  test  of  180°  is  pretty 
certain  to  be  free  from  uncombined  lime.  No  cement  should  be 
used  in  sea*water  which  cannot  resist  the  ordinary  hot- water  test. 
In  this  test  M.  Dival  advocates  the  immersion  of  a  pot  of  neat 
cement  in  water  at  80''  C,  177°  Fahr.,  and  asserts  that  if  the 
cement  disintegrates  it  is  unsound.  Mr.  Henry  Faija  recom- 
mends a  vapor-bath  at  about  100°  Fahr.,  until  the  cement  sets 
hard,  and  then  the  immersion  of  the  pot  of  cement  in  water 
at  from  112°  to  117°  Fahr.  for  twelve  or  fifteen  hours.     He  claims- 
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that  good  cements  will  fail  in  water  at  117^  Fahr.  Some  Portland 
cements  have  been  boiled  (at  212°  Fahr.)  for  two  weeks  without 
signs  of  failure.  Probably  most  of  the  failures  of  cement  in 
sea-water  are  due  to  want  of  care  in  making  the  mortar  or  con- 
crete and  in  placing  it  in  the  structure.  A  concrete  made  of  a 
comparatiyelj  poor  cement  will  withstand  the  disintegrating  action 
of  sea-water  (not  including  the  action  of  the  force  of  waves)  if  care 
is  taken  to  make  it  impervious  to  the  water — that  is,  by  covering 
it  with  a  skin  of  cement  mortar  or  rich  concrete. 

269.  Mr.  R.  Feret,  Director  of  the  Laboratory  of  the  Fonts  et 
Chaussees  at  Boulogne  (see  Engineering  Record^  Sept.  2,  1893), 
attributes  the  failure  of  mortar  in  sea- water  to  the  want  of  suffi- 
cient cement  and  inferior  grades  of  sand  in  the  mortar,  and  not 
entirely  to  the  use  of  bad  cement.  He  claims  that  it  is  not  reliable 
to  trust  to  the  ordinary  determinations  of  the  volume  of  voids  in 
sand  as  the  measure  of  the  weight  of  cement-paste  to  fill  them; 
that  with  sands  having  the  same  weights  per  unit  of  volume  when 
measured  under  identically  the  same  conditions,  and  consequently 
having  the  same  volume  of  interstices,  the  mortars  obtained  by 
mixing  the  same  quantities  of  cement  with  equal  volumes  of  these 
suiids  are  far  from  possessing  the  same  qualities;  and  recommends 
making  a  number  of  samples  with  varying  proportions  of  cement 
to  determine  that  proportion  best  suited,  with  the  materials  used, 
for  the  purpose  intended.  The  following  table  shows  the  volumes 
and  weights  of  coarse  and  fine  sand  necessary  to  be  mixed  with  a 
given  weight  of  cement  to  produce  the  same  strength: 

Table  XXXV. 

FBOFORTIOKS  OF  SAND  AKD  GEHSNT8  TR  MORTAR  FOR  SBA- WORKS. 


Resuitanoe  to  oompresston ) 
after  five  montlu  In  sea-V 
water  per  square  Inch.  ) 

Wei^rbt  of  cement  to  be  mixed' 
with  unit  weight  of  sand  to 
attain      corresponding 
strengths. 

Volume  of  cements  to  be) 
nixed  with  1  Tolumeof  sand  > 
to  attain  same  strengths.      ) 


Coarse  sand. 
Fine  sand. . . 


Coarse  sand.. 
Fine  sand. . . . 


500 


1000 


0.090.15 


0.21 


0.34 


0.100.160.22 
0.:A)  0.84  0.44 


1500 


o.ao 

0.45 


I 


8000  2500 


0.26 
0.54 


0.27 
0.58 


0.29 


SOOO 


0.85  0.41 


S500  4000 


0.50 


4500 


5000 


0,78 


0.861.04 


0,6-2  0, 


1 


26  1 

i 


0&3  0  89  0.46  0.56  0.69  0 
0.620.720.84  1.021.24  1. 


83 

58 


92 
56 


322  MOBTAB  EXPOSED  TO  8BA-WATEK. 

The  volumes  were  deduced  from  the  weights  by  assuming  the 
weights  of  the  materials  per  bushel  as  follows:  Cement  120  pounds, 
coarse  sand  134  pounds,  and  fine  sand  118  pounds.  It  is  to  be 
observed  that  it  requires  about  twice  as  much  cement  with  the 
fine  sand  as  it  does  with  the  coarse  sand  to  obtain  the  same 
strength  of  mortar.  Therefore  the  determination  of  the  proper 
proportions  of  sand  and  cement  by  analogy  from  those  used  in 
other  places  should  be  avoided. 


Table  XXXVL 


1  cement,  1  cement. 


Proportionate  volume^  of  sand  an4  cement. . .  i        ^  ^^  j  «       ^ 

Volume  of  mortar  resulting  from  1  volume 

sand 0.940  to  1.030       0.970  to  1.180 

Weight  of  cement  in  1  cubic  jard  of  mortar, 

pounds 410to    450  710  to     870 

Absolute  volume  of  soUd  matters  (cement  and 

sand)  contained  in  1  volume  of  mortar. . .     0.570  to  0.787       0.565  to  0.728 
Resistance  to  compression  after  immersion 

for  a  year  in  sea-water  in  pounds  per 

square  inch 425to  1,490       l,060to3,700 

Proportions  of  weight  of  sand  and  cement, 

pounds 1  cement  8  sand 

Weight  of  cement  contained  in  1  cubic  yard 

ofmortar 670  to     850 

Absolute  volume  of  solid  matter  (cement  and 

sand)  contained  in  1  volume  of  mortar. . .  0.580  to  0.784 

Volume  of  spaces  remaining  in  1  volume  of 

mortar  after  drying  (porosity) 0.080  to  0.190 

Resistance  to  compression  after  exxKwure  for 

nine  months  in  air,  followed  by  immer- 
sion for  three  months  in  sea- water,  in 

pounds  per  square  inch 1,140  to  ^400 


Table  XXXVIL 

Weight    of   water    wetting   a 

weight  100  of  sand 0.0       0.5      1        8        8        8         10 

Weight  of  1  bushel  of  sand,  In 

pounds 116.8    105.0    99.2    97.2    96.9    96.9    101.4 

W  eight  of  dry  sand  in  1  bushel 

of  wet  sand,  in  pounds 116.8    104.5    98.2    95.8    94.1    92.8      02.8 
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Sandsy  and  also  broken  stone,  when  the  grains  are  as  I  to  -^  in 
size,  may  have  the  same  volume  of  voids,  but  in  the  latter  case  may 
have  10  times  the  grain  surface  to  coat  and  cement. 

Since  the  foregoing  matter  on  cement  and  concrete  was  written, 
and  in  fact  printed,  the  author  found  the  following  interesting 
article  in  Engineering  (an  English  magazine)  of  July  13, 1894: 

The  tensile  strength  of  coarsely  ground  cement,  gauged  neat,  is 
much  greater  than  that  of  the  same  cement  finely  ground,  but  the 
tensile  strength  of  a  mixture  of  the  former  with  sand  is  much  less 
than  that  of  a  similar  mixture  with  the  latter.  Messrs.  Dycher- 
hoff  found  that  cement  which  would  leave  a  residue  of  10  per  cent 
of  coarse  particles  on  a  No.  50  sieve  (2500  meshes  per  square  inch) 
has  a  tensile  strength,  when  gauged  neat,  nearly  42  per  cent  greater 
than  that  of  the  same  cement  from  which  the  coarse  particles  had 
been  removed  by  a  No.  180  sieve  (32,400  meshes  per  square  inch), 
but  that  a  mixture  of  1  part  of  the  fine  sifted  cement  to  3  parts 
of  sand  had  41  per  cent  greater  tensile  strength  than  a  similar  mix- 
ture made  with  the  unsifted  cement,  and  that  it  was  increased  to 
64  per  cent  in  case  of  a  mixture  of  1  cement  to  5  sand,  the  samples 
in  each  case  being  twenty-five  weeks  old. 

Adding  20  per  cent  of  the  coarse  particles  to  fine  sifted  cement 
decreased  the  tensile  strength  by  47  per  cent,  with  samples  seven 
days  old. 

Coarse  particles  not  passing  a  No.  180  sieve  are  inert,  and  are 
to  be  regarded  as  an  adulterant.  It  is  easy  to  grind  German  cement 
so  as  to  pass  a  No.  180  sieve  without  leaving  a  residue. 

Cement  as  now  generally  sold  in  England  contains  an  average  of 
from  35  to  40  per  cent  of  inert  material,  i.e.,  this  amount  is  stopped 
by  a  No.  180  sieve. 

If  a  concrete  is  specified  to  consist  of  1  part  ordinary  cement  to 
8  parts  of  sand,  broken  stone,  etc.,  a  not  uncommon  proportion, 
the  actual  proportion  of  active  cement  would  be  1  to  13  or  14. 
Such  concrete  contains  slightly  over  7  per  cent  of  cementing  ma- 
terial. 

Coarse  particles  of  cement,  when  cleaned  by  washing  off  the  fine 
cement  powder  adhering  to  them,  are  devoid  of  all  adhesive  or  co- 
hesive strength. 

A  clear  mesh  of  0.003  in.  by  0.003  in.  is  suflScient. 

The  weight  per  bushel  has  nothing  to  do  with   the  tensile 
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Btrength.  It  is  often  specified  that  a  cement  shall  have  so  much 
weight,  say  112  pounds  per  bushel,  and  shall  leave  a  residue  not  ex- 
ceeding  10  per  cent  on  a  No.  50  sieve.  The  cement  fulfilling  these 
conditions,  if  more  finely  ground,  say  to  pass  a  No.  180  sieve,  and 
thereby  increasing  its  value  35  to  40  per  cent,  would  fall  consider- 
ably short  of  the  specified  weight. 

Standard  sand  is  such  that  will  pass  a  No.  20  sieve  and  be 
stopped  by  a  No.  30  sieve.  The  coarse  particles  in  cement  should 
count  only  as  so  much  sand. 

The  following  conclusions  are  drawn  by  the  writer  of  the  article: 

(1)  That  the  strength  of  a  mixture  of  cement  and  sand  is  the 
most  reliable  of  the  present  tests. 

(2)  That  the  tensile  strength  of  neat  cement  may  be  omitted 
altogether  as  a  test  of  quality. 

(3)  That  the  weight  per  bushel  is  misleading,  and  should  be 
omitted  altogether. 

(4)  That  color  is  not  of  suflScient  importance  to  be  considered 
as  a  test. 

(5)  That  extreme  fineness  of  grinding  is  so  absolutely  essential, 
that  a  sieve  of  not  less  than  from  175  to  180  meshes  to  the  lineal 
inch  should  be  used  for  testing  purposes. 


ART.  XXVIII. 

STRENGTH  OF  CAST  IRON. 

270.  Oast-iron  has  but  little  tensile  strength,  but  has  a  high 
degree  of  compressive  strength.  It  is  hard  and  brittle,  very  de- 
ficient in  toughness  and  elasticity,  and  gives  way  without  warning, 
especially  when  subjected  to  shocks  or  changes  of  temperatures. 
It  is  easily  melted  and  cast  into  various  shapes.  It  does  not  rust 
or  deteriorate  as  rapidly  as  wrought  iron  on  exposure.  In  salt 
water,  however,  it  softens  and  is  weakened.  It  can  be  cut  and 
turned,  but  is  not  malleable,  and  is  not  capable  of  being  welded. 

It  is  not,  therefore,  suitable'  for  large  structural  members  of 
bridge-trusses  liable  to  shocks  under  changing  temperature;  and 
when  used  in  buildings  where  not  liable  to  shocks,  if  heated  dur- 
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ing  fires  and  suddenly  cooled  by  pouring  water  upon  the  beams  or 
columns,  it  cracks  and  gives  way. 

Otherwise  it  is  peculiarly  adapted  to  columns,  struts,  chairs, 
shoes,  bed-plates,  etc.,  where  it  has  to  bear  only  steady  compressive 
loads  or  stresses,  and  for  pipes,  grates,  railings,  stoves,  and  orna- 
mental purposes  generally. 

Its  use  in  important  bridge  constructions  has  been  practically 
prohibited  either  by  law  or  custom,  even  in  those  situations  where 
it  would  seem  eminently  suitable,  such  as  the  bed-plates  on  masonry 
piers  for  supporting  the  heavy  concentrated  loads  of  the  ends  of 
long  tn'3ses,  especially  as  these  are  more  exposed  to  rust  and 
deterioration,  and  cannot  be  so  easily  reached  for  painting,  etc. 

Table  XXXVIII. 

The  following  results  of  experiments  on  the  strength  and  stiff- 
ness of  cast  iron  are  taken  from  various  sources  : 

271.  Resistance  to  crushing  of  cast  iron  with  test-pieces  }  inch 
diameter  and  1^  inches  high,  with  different  makes  of  iron : 

No.  1  cast  iron,  from  25.2  to  39.6  tons  per  square  inch, 
a    2        "  «     30.6  "  45.5    "      "        "         '' 

€€    3        «  «     34.3  "  46.8    "      "        "         " 

Other  results,       "     19.8  "  62.5    "      "        «         " 

From  these  and  other  experiments  the  resistance  to  crushing  of 
good  cast  iron  can  be  safely  taken  at  from  36  to  46  tons,  equivalent 
to  from  80,640  to  103,040  pounds  per  square  inch. 

272.  The  coefficient  of  elasticity  for  compression  has  been  found 
by  numerous  experiments  to  vary  from  6,896,600  to  18,750,000,  or 
an  average  of  12,823,330  pounds  per  square  inch. 

There  is  no  clearly  defined  elastic  limit.  It  is  so  imperfectly 
elastic  that  it  takes  a  permanent  set,  even  with  very  small  loads.  As 
this  set  is  very  small  at  first,  and  it  may  disappear  after  an  interval 
of  rest,  an  appreciably  permanent  set  may  not  occur  until  the  applied 
load  is  from  one  quarter  to  one  third  of  its  ultimate  resistance. 
The  elastic  limit  is  therefore  taken  at  from  20,000  to  27,000 
ponnds  per  square  inch. 

The  elastic  limit  is  determined  by  observing  at  what  load  the 
ratio  of  stress  to  strain  ceases  to  be  constant.    This  load  is  very 
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difficult  to  determine  with  accuracy.  The  coefficient  of  elasticity 
is  then  calculated  by  assuming  that  the  ratio  will  continue  constant. 
If  under  a  compression  of  2000  pounds  per  square  inch  of  cross- 
sectional  area  a  bar  of  cast  iron  is  found  to  be  shortened  ^^^t  ^^ 
its  lengthy  then  under  4000  pounds  it  would  be  shortened  ^^Vir 
of  its  length,  and  under  80,000  pounds  it  would  be  shortened  by 
Y^^  of  its  length.  And  since  the  ratio  of  stress  to  strain  is 
assumed  to  be  constant  and  equal  to  the  coefficient  of  elasticity, 
then  coefficient  of  elasticity 

r,    stress  per  sq.  inch  .     ,        2000  4000 

J?= ~-T^ =  constant  =  tt^tto  =  ,  /oo/^i? 

strain  1/6412      1/3206 

=  TTTfiA*^  =  12,824,000  lbs.  per  square  inch* 

. 

It  can  then  be  readily  understood  why  different  experimenters  arrive 
at  different  values  for  the  coefficient  of  elasticity :  each  one  deter- 
mines the  extent  of  the  shortening  at  some  particular  stress,  when 
the  set  is  appreciable  and  permanent,  by  the  means  of  measurement 
adopted  or  available.  One  experimenter  determines  that  a  set  of 
7^T  of  the  length  is  obtained  at  3000  pounds  per  square  inch,  and 
another  at  5000  pounds,  either  from  errors  in  measurements  or  from 
a  different  period  of  time  of  continuous  application  of  the  load ;  the 
smaller  load  remaining  for  a  longer  time  on  the  test-piece  may  have 
caused  a  set  equal  to  that  of  the  greater  load  removed  in  a  less 
time.     The  first  gives  the  coefficient  of  elasticity, 


the  second^ 


„  3000  ^r..r.^^.r.^^. 

^=  1/3206  =  ^'^^^>^^^'''^ 


^  =  I7»  =  ^^>^^^>^^  ''^^ 


Especially  is  this  true  with  cast  iron  which  takes  a  permanent  set 
at  a  very  low  unit  pressure. 

The  elastic  limit  is  lower  for  a  continued  stress  than  for  one 
simply  applied  and  removed  in  a  short  time. 

273.  Besistance  to  tearing  of  cast  iron  is  found  by  pulling  a 
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specimen  asunder.  From  experiments  made  on  cylinders  f  inch  in 
diameter  and  1-^  inches  long  it  has  been  found  that  the  tensile 
resistance  varies  as  below: 

Tabub  XXXIX. 

No.  1  cast  iron  from  5.7  to  7.2  tons  per  square  inch. 
«     2    *'      **        **     5.9  **  7.9     *'      "        "         " 
a    3    3      «       u     6.5  «  6.9    "      '*       "         " 

These  vary  from  12,768  to  17,696,  with  an  average  of  15,234 
pounds  per  square  inch. 

The  best  qualities  of  warm-blast  charcoal  iron  taken  from 
second  and  third  fusions  vary  from  22,888  to  42,884  pounds  per 
square  inch. 

Cast  iron  is  but  little  used  to  resist  direct  tensile  stress.  Fair 
average  values  seem  to  be  from  15,000  to  20,000  pounds  per  square 
inch.  The  best  charcoal  iron  gives  a  coefficient  of  elasticity  unde? 
tension  of  from  3,454,000  to  50,000,000  pounds  per  square  inch. 
Ordinary  cast  iron  gives  from  9,549,120  pounds  to  13,603,520  pounds, 
and  an  average  of  11,576,320  pounds  per  square  inch.  These  are 
calculated  as  for  the  coefficient  of  compressive  elasticity  already 
explained,  except  that  the  strain  is  one  of  elongation  instead  of 
shortening.  If  a  weight  of  one  tou,  2240  pounds  per  square  inch, 
produces  an  elongation  j^j  of  the  length  of  the  bar,  then  coefficient 
of  elasticity  B  =  2240  -5-  ^^  =  13,603,520  pounds  per  square  inch. 
The  same  remarks  apply  to  the  coefficients  under  tensile  stress  as 
were  made  for  those  under  compressive  stress.  The  elastic  limit 
for  tensile  stress  varies  from  2000  to  6000  pounds  per  square 
inch. 

From  three  to  four  successive  fusions  of  cast  iron  seem  to 
increase  its  tensile  strength  and  also  its  compressive  strength. 

No.  3,  hot  blast,  according  to  Sir  Wm.  Pairbairn,  had  its  com- 
pressive strength  increased  up  to  the  -fourteenth  smelting. 

The  surface  of  a  casting  is  harder  and  stronger  than  the  interior 

portion.    The  effect  of  this  is  to  give  a  small  casting  a  proportion- 

.  ately  greater  strength  than  a  larger  one.    Cast  iron  becomes  weaker 

when  heated  over  120^  Fahr.,  and  is  unsafe  at  or  below  32°  Fahr. 

If  raised  to  a  red  heat  it  will  fall  to  pieces  when  struck. 
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274.  Under  a  compressive  stress  cast  iron  gives  way  by  portions, 
shearing  off  along  planes  making  angles  from  46°  to  62.5°  with  the 
normal  sections  of  the  specimens.  The  characteristic  fracture  of 
cast  iron  is  granular  and  crystalline,  with  little  stretch  or  reduction 
of  area.  It  gives  way  suddenly  under  shocks  and  changes  of  tem- 
perature. It  is  a  treacherous  and  unreliable  material  in  tension^  as 
any  brittle  material  must  be. 

275.  Shearing  Resistance. — The  shearing  resistance  has  been 
found  to  vary  from  17,000  to  20,000  pounds  per  square  inch.  It  is 
usually  taken  as  equal  to  the  tensile  resistance  of  cast  iron.  Coef- 
ficient of  elasticity  for  shearing  from  6,000,000  to  7,000,000  pounds 
per  square  inch. 

276.  Flexure  of  Solid  Cast-iron  Beams. — The  transverse  strength 
of  soilid  cast-iron  beams  has  been  found  usually  by  experiments  on 
the  cross-breaking  either  of  the  girders  or  beams  themselves  when 
of  small  dimensions,  or  from  specimens  cast  from  the  same  mass  of 
molten  metal.  The  test-bars  have  usually  the  dimensions  of  24 
inches  long  and  cross-sectional  area  of  2  x  2  inches  or  2-inch 
diameter,  equivalent  to  4  or  3.1416  square  inches  respectively,  or  3 
feet  6  inches  long,  with  a  clear  span  of  3  feet,  and  with  transverse 
dimensions  of  1  inch  wide  and  2  inches  deep.  These  are  loaded  at 
the  centre  points  between  two  supports,  the  weights  being  gradu- 
ally increased  until  fracture  occurs. 


4l£L 


FTiT 


--» 


Fig.  112.  Fig.  118. 


Fig.  112  represents  the  first  case  and  Fig.  113  the  second.  If 
W  is  the  centre  load  in  pounds,  I  the  clear  length  between  the  sup- 
ports A  and  B  in  inches, /modulus  of  rupture — that  is,  the  great- 
est stress  in  those  fibres  which  yield  first,  whether  compression  or 
tension ;  h  the  breadth  or  horizontal  width  of  the  bar  or  beam  in 
inches,  and  c^  the  depth  in  inches,  or  in  case  of  bars  of  circular 
cross-section  d  is  the  diameter,  then  the  following  expressions 
represent  the  relations  between  these  several  quantities: 
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Wl 

For  rectangular  sections  iWl  =  i/W;  .%  /  =  ij-r^- 

"   square  ''       iWl=zifbd';    and  ft  =  (f ;    '''f='i'^^' 

"   circular  ^       iW7  =•'--—;   /. /= — r  =  — -. 

In  the  aboTe  expressions  /,  b,  and  d  are  in  inches.  If  /  is  taken 
in  feety  b  and  d  remaining  in  inches^  then  the  equations  become^ 
respectively, 

f_lSWl  18TfZ  96_^/ 

The  methods  of  deducing  these  expressions  will  be  explained  in 
a  subsequent  article.  They  are  introduced  here  to  show  the  method 
of  finding  the  modulus  of  rupture  =/. 

If,  then,  the  clear  span  is  20  inches  for  the  square  and  round  bars, 
and  the  centre  load  is  11,000  pounds  when  fracture  occurs,  we  have 
the  values  for/ as  follows: 

/  =  i 7oT» —  41,250  pounds  per  square  inch, 

.      8ial       wl       11000  X  20      _  aoq  ^  -v. 

/  =  "-=  =  — ,  =   ■■   ^  -^ =  =  70,028  pounds  per  square  inch. 

•^        Ttd*       nr*       3.1416  X  1  '        ^  r-     n 

In  this  manner  a  number  of  values  of  the  moduli  of  rupture  have 
been  determined  #rith  different  varieties  of  cast  iron,  both  for  solid 
square  and  round  bars.  These  values  range  from  40,000  to  60,000 
pounds  for  square  bars,  and  from  50,000  to  72,000  pounds  for  round 
bars;  from  which  it  has  been  concluded  that  the  ultimate  coef- 
ficient of  resistance  to  cross-breakiug  is  about  twice  that  of  the 
tensile  strength  for  square  bars,  and  about  two  and  a  quarter  times 
the  same  for  bars  with  circular  cross-sections. 

The  above  experiments  were  made  with  rather  high  grades  of 
cast  iron,  and  mav>  not  be  true  for  the  poorer  varieties. 
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A  good  quality  of  iron  in  the  form  and  dimensions  given  in  Fig. 
113  should  just  break  under  a  load  at  centre  of  about  3050  pounds. 
See  next  paragraph.    Substituting  in 

.      3  IF?     .       3  3050  X  36       .„_ 

the  modulus  of  rupture  practically  the  same  as  before  found. 

If,  on  the  other  hand,  the  modulus  of  rupture  or  ultimate  fibre 
strain  under  a  transverse  load  is  given,  then  the  ultimate  or  break- 
ing load  for  beams  of  rectangular  cross-section  can  be  found  by 
finding  IF  from  the  equations. 


W  =  Q '^-7— >  when  Z,  6,  and  d  are  inches^ 


or 


W  =  TTr—T-  9  when  i!  is  in  feet,  I  and  d  in  inches. 

lo      I 

A  fair  average  value  of  /  for  cast-iron  beams  may  be  taken 
=  40,000  pounds  per  sq.  in.  Assuming  clear  length  of  bar  equal 
to  36  inches  =  3  feet,  5  =  1  inch,  d  =  2  inches, /=  40,000  pounds^ 
then  from  equation  above 

W=  \  ^OOOOl^X'^  =  i/^  =  2963  lbs.  centre  breaking  load. 

6  00  io      o 

277.  Many  practical  works,  such  as  Trautwine's  Engineering 

Pocket-book,  while  not  recognizing  the  theoretical  formulas  for 

centre  breaking  load,  but  admitting  that  the  ultimate  transverse 

strengths  of  any  given  beams  vary  directly  with  the  breadth  and 

bd* 
the  square  of  the  depth,  and  inversely  as  the  length,  or  as  -j-, 

contain  tables  of  quiescent  breaking  loads  of  beams,  or  moduli  of 
rupture  for  beams  of  various  materials,  determined  by  actually 
breaking  bars  1  inch  wide,  1  inch  deep,  and  1  foot  long,  between 
supports;  and  for  any  other  rectangular  beam  they  simply  multiply 
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id* 

the  expression  --j-  by  this  constant  in  order  to  find  the  centre 

breaking  load.    Mr.  Trantwine  gives  for  good  castings  the  modulus 

at  2300 pounds;  hence  ir=  -—  x2300  =  ^^X  2300=3067  pounds, 

as  compared  with  2963  pounds  by  the  regular  formulee  with  I  in 
inches. 

The  two  values  of  the  moduli  of  rupture^  as  7  is  in  inches  or  in 

feet,  should  be  in  the  ratio  of  1  :  r^  ::  40000  :  2222,  instead  of 

2300  pounds.  A  failure  to  understand  these  relations  and  condi- 
tions often  leads  to  errors  and  confusion  on  the  part  of  young 
engineers. 

278.  The  deflection  of  cast-iron  beams  should  also  be  accu- 
rately determined.  This  subject  will  be  further  discussed  in  an- 
other article.  The  measured  deflections  in  the  above-mentioned 
tests  varied  from  0.15  to  0.26  of  an  inch,  according  to  the  load. 
The  questions  of  safe  or  working  loads  and  factors  of  safety  will 
be  discussed  later.    The  following  may  be  taken  as  fair  averages  : 

Factor  of  Safety. 

For  beams  and  girders  and  pillars From  3  to  6  dead  load* 

Pillars  and  girders  under  live  loads "     8  to  10  live    " 

Crane-posts  and  parts  of  machinery  liable 

to  shocks  and  vibrations "     8  to  10   "      " 

Water-tanks  4 


AET.  XXIX. 

STRENGTH  OP  WROUGHT  IRON. 

279.  Wroitoht  iron  is  characterized  by  a  high  tensile  resist- 
ance and  a  relatively  low  resistance  to  compression.  But  it  has 
the  properties  of  toughness  and  ductility,  which  combined  with 
its  tensile  resistance  render  it  one  of  the  most  valuable  building 
materials.  It  therefore,  under  ordinary  conditions,  gives  way 
gradually  instead  of  suddenly.  It  is  practically  infusible,  is  readily 
forged  by  hammering  or  rolling  into  a  great  variety  of  patterns  or 
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shapes^  is  malleable  cold  or  hot,  and  possesses  the  yaluable  prop- 
erty of  being  weldable  at  high  temperatures. 

Many  grades  of  the  iron  have  a  more  or  less  well-defined  elastic 
limit,  which  is  about  one  half  its  ultimate  strength.  Wrought 
iron  also  has  a  high  coefficient  of  elasticity.  In  all  of  the  above 
properties  and  characteristics,  except  compressive  resistance,  it  is 
superior  to  cast  iron,  and  in  many  of  them  distinct  from  it. 

It,  however,  rusts  more  readily  and  more  rapidly  than  cast  iron, 
requires  greater  precautions  for  its  preservation,  and  better  stands 
exposure  to  salt  water. 

It  is  liable  to  the  defects  of  hot  and  cold  shortness,  caused  by 
the  presence  of  sulphur,  or  phosphorus  and  silicon,  respectively. 

Both  the  strength  and  ductility  of  wrought  iron  depend  upon 
the  quality  of  the  material,  and  the  care  and  method  used  in  its 
manufacture.  There  is  always  a  small  percentage  of  carbon  pres- 
ent, and  its  strength  increases  as  the  proportion  of  carbon  increases, 
until  it  passes  into  steel. 

It  is  used  extensively  for  all  members  under  tension,  in  all 
kinds  of  structures,  especially  in  bridge  and  roof  trusses,  such  as 
straps,  bolts,  main  and  counter  diagonals,  bottom-chord  bars, 
stringers,  and  floor-beams,  and  now  has  practically  supplanted  cast 
iron  for  chords,  struts,  and  columns  of  trusses  which  are  under  com- 
pression. It  should  also  be  used  for  beams  and  girders  when  liable 
to  vibrations  and  shocks.  Although  large  thick  pieces  may  some- 
times have  flaws  or  other  defects,  yet  it  can  be  manufactured  with  a 
more  homogeneous  and  uniform  texture,  and  is  far  more  reliable 
in  all  respects,  than  cast  iron. 

280.  Although  the  following  remarks  apply  in  many  respects 
to  cast  iron,  they  are  not  so  necessary  to  be  considered  in  con- 
nection with  cast  iron,  owing  to  its  limited  use  for  structural 
purposes. 

We  may,  however,  say,  that  the  ultimate  resistance  of  any 
given  material  will  be  influenced  by  its  mode  of  manufacture, 
dimensions  of  normal  cross-sections,  form  of  cross-section,  the  actual 
and  relative  dimensions  of  test-pieces,  also  shape  of  test-pieces,  and 
such  conditions,  if  the  materials  admit  of  them,  as  hardening,  tem- 
])ering,  annealing,  etc.  All  of  these  circumstances  should  be  noted 
and  considered  in  giving  results  of  experiments.    It  would  be  beyond 
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the  legitimate  scope  of  this  volume  to  give  tables  of  experiments 
made  upon  the  many  different  forms  and  conditions  of  the  test- 
pieces,  and  it  will  only  be  necessary  to  give  the  usual  average 
values  used  in  practice.     Owing  to  the  impracticability  of  main- 
taining a  uniform  distribution  of  the  stress  over  the  entire  area  of 
cross-section  in  ductile  materials,  the  greatest  intensity  of  the  stress 
may  be  found  either  towards  interior  portions  of  the  bar  or  near  the 
surface,  depending  upon  the  manner  of  applying  the  external  forces. 
For  instance,  in  testing  eye-bars  the  tendency  is  to  develop  a  greater 
intensity  of  stress  in  the  interior  portions  of  any  cross-section;  on 
the  contrary,  if  the  grip  is  applied  to  the  surface  of  the  piece,  the 
greatest  intensity  is  found  at  or  near  the  surface.     In  the  first  con- 
dition, the  intensity  on  the  surface  being  less  than  the  mean,  and 
the  strain  or  stretch  being  measured  on  the  surface,  and  therefore 
less  than  that  due  to  the  mean  stress,  it  follows  that  the  mean 
stress  divided  by  measured  strain  gives  a  too  large  coefficient  of 
elasticity ;  whereas  in  case  of  the  surface  grip  the  surface  stretch  or 
strain  which  is  measured  is  greater  than  that  due  to  the  mean 
stress,  hence  mean  stress  divided  by  measured  strain  gives  a  too 
small   coefficient.     The  true  coefficient  would  be  somewhere  be- 
tween the  two.     As  the  difference  between  the  interior  and  surface 
stress  is  greater  in  large  bars,  experiments  on  these  will  usually 
give  greater  coefficients  of  elasticity  than  the  smaller  pieces. 

281.  From  a  number  of  experiments  made  on  bars  of  rectangular 
cross-section  varying  from  2"  x  1"  to  4"  X  If ",  and  from  24'  9^" 
long  to  35'  0"  long,  with  a  tensile  stress  of  20,000  pounds  per 
square  inch,  causing  an  elongation  varying  from  0.1948  inch  to 
0.3692  inch,  the  calculated  coefficients  of  elasticity  under  these 
conditions  varied  from  30,554,000  to  33,600,000  pounds  per  square 
inch.     Taking  the  bar  35.0  X  4"  x  If",  with  an  elongation  of  0.2692 

0  2692 
inch  in  the  entire  length,  then  -^ — —  is  the  elongation  expressed 

as  a  fraction  of  the  entire  length  in  inches,  and  under  a  unit  stress 

of  20,000  pounds.    The  coefficient  of  elasticity  E  =  --—  =  20,000 

strain 

0  2692 
-5-   '  =  31,203,232  pounds,  and  similarly  for  round  iron  from 

H  to  2i  inches  in  diameter,  and  about  11'  9"  long.    The  value 
of  elongation   varied  from  0.0940  to  0.1008   inch,  under  20,000 
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pounds  stress  per  square  inch;  the  value  of  J?  varied  from  29^380^000 
to  2.1,Ti'^i,lll  pounds.  Take  a  bar  11'  9"  =  11.75'  x  2i",  with 
a  stretch  of  0.1008  inch  in  entire  length.    Then,  in  fractions  of 

length,  -^^^  =  stretch ;  and  ^  =  20,000  -^  ^^^  =  27,976,190 

pounds.  These  results  are  particularly  valuable,  as  they  were  made 
on  full-sized  bars.  The  recovery  of  each  of  the  many  bars  ex- 
perimented upon  was  perfect  with  20,000  pounds.  A  permanent 
set  was  obtained  with  about  25,000  pounds  in  some  cases.  This 
would  then  be  the  elastic  limit.  The  stretch  per  foot  of  length  in 
case  of  the  rectangular  bars  was  less  than  that  of  the  round  bars,  i.e., 

0.2692      ^ ._ .  .    ,       .,       0.1008      ^  ^^,  ^,    ^, 

— —  =  0.0064  IS  less  than  -rrr-  =  0.0071;  consequently  the  rect- 
angular bars  gave  a  higher  coefficient  of  elasticity.  If  the  coeffi- 
cients had  been  taken  at  some  other  intensity  of  stress  the  values 
might  have  been  different.  A  number  of  other  experiments  on 
smaller  test-pieces  of  different  grades  of  iron  give  coefficients  of 
elasticity  varying  from  9,000,000  to  34,000,000  pounds  in  round 
numbers,  and  limits  of  elasticity  varying  from  24,000  to  about 
27,000  pounds  per  square  inch.  To  illustrate  the  effect  of  passing 
the  elastic  limit :  if  the  total  stretch  in  a  bar  10  feet  long  at  the 

,     ,        „      24000X120 
elastic  limit  of  24,000  pounds  is  0.100  inch,  then  E  = ^^ 

=  28,800,000.    If,  then,  the  stretch  is  0.12  at  an  intensity  of  stress 

,      ,        „      27000x120 
beyond  the  elastic  limit  of  27,000  pounds,  then  J^= ^-j^ — 

=  27,000,000,  and  for  37,000  pounds  per  square  inch  and  a  stretch 

of  1.095  inches,  then  E=  -~t^r^=  4,100,000  pounds,  show- 

ing  the  great  and  irregular  variations  in  the  stretch  and  coefficients 
of  elasticity  when  the  intensity  of  the  stress  is  greater  than  the 
elastic  limit.  The  conclusions  drawn  by  good  authorities  from 
many  experiments  is  that  for  good  wrought  iron  the  coefficient  of 
elasticity  will  be  found  to  be  between  25,000,000  and  30,000,000 
pounds  per  square  inch. 

282.  Reversing  the  above  operations,  with  these  coefficients  of 

elasticity  and  an  intensity  of  stress  of  10,000  pounds  per  square 

inch  the  elongations  of  good  iron,  under  the  usual  working  loads, 

.„  ,     ,        10000     ^       10000  1     ^       1       .-^  .     ^.        ji 

^^^^  ^^  '  =  25000000  *"  30000000'  ^^  2-500  ^^  3000  "^  '''  ^^^^^'  *°^ 
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we  may,  therefore,  say  that  the  coefScient  of  elasticity  is  a  measure 
of  the  stiffness  of  any  material. 

A  fair  resnU  from  experiments  gives  the  ultimate  tensile  re- 
sistance of  bar  iron  from  50,000  to  60,000  pounds  per  square  inch, 
and  for  plates  along  the  fibre  about  15  per  cent  less,  or  from  44,500 
to  51,000  pounds,  and  across  the  grain  about  10  per  cent  less  than 
along  the  grain,  or  from  about  40,000  to  46,000  pounds  per  square 
inch. 

Table  XL. 

BBCTANGULAB  BASS. 


StKM  In  pounds  per 

In  inches. 

square  Inch. 

Orig- 
inal 
Length 

Per  Cent  of— 

Kind  of  Iron. 

Size  of 
Bar  In 

No. 

Ultimate 

Inches. 

At  First 
Stretch. 

In  lbs.  per 

sq.  Inch  of 

Original 

Section. 

Elastic 
Umlt. 

In 
inches. 

Final 
Elonga- 
tion. 

Final 
Con- 
trac- 
tion. 

1 

Single  lefined. . 
Double      "     . . 

8X1 

52,470 

29.000 

80 

18.0 

81   . 

2 

8X1 

58,550 

31,000 

80 

16.0 

27.7 

8 

Doable      *'    . . 

5XU 

50.410 

27,880 

80 

16.6 

24.1 

4 

6XU 

50,930 

27,170 

80 

19.0 

25.7 

5 

Single       •'    . . 
Doable      **    .. 

8X1 

48.700 

28,830 

80 

18.1 

27.1 

6 

8X1 

51,370 

29,170 

80 

22.2 

85.6 

7 

Single       "     . . 
Doable      "     . . 

5Xli 

49,240 

24,880 

80 

16.0 

18.1 

8 

6Xli 

Sl.OlO 

27,170 

80 

19.7 

29.5 

Table  XLI. 
oibgulab  crobb-sbcnon. 


1 

•0.97 

29,678 

54,888 

10 

28.1 

88.2 

2 

0.97 

28,011 

55,288 

9i 

24.8 

86.5 

8 

0.97 

29,845 

55.855 

9 

21.5 

81.1 

4 

0.97 

29,345 

55,622 

8i 

22.0 

31.2 

5 

0.97 

80.840 

54,890 

7i 

25.0 

89.9 

6 

0.97 

80,412 

55,488 

7 

25.8 

88.6 

7 

0.97 

28,562 

51.800 

0 

6^ 

22.1 

40.0 

8 

0.97 

80,600 

55.418 

6 

22.8 

34.7 

9 

0.97 

29,475 

55.888 

H 

25.4 

89.3 

10 

0.97 

29,278 

55,887 

5 

21.2 

32.2 

11 

0.97 

29,705 

55,532 

4 

25.7 

37.4 

12 

0.97 

81,817 

55,482 

8i 

26.7 

36.6 

18 

0.97 

81.123 

56,190 

8 

27.0 

38.8 

14 

0.97 

88.428 

56,428 

2 

27.0 

36.2 

15 

0.97 

42,249 

57,096 

li 

26.0 

34.0 

16 

0.97 

84.288 

58,983 

1 

87.0 

34.3 

17 

0.97 

57,565 

59,388 

i 

80.0 

87.9 

*  Original  diameter  In  inches. 
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Other  things  being  the  same^  bars  of  the  smaller  cross-sections 
will  have  a  greater  ultimate  tensile  resistance,  as  was  shown  in  re- 
gard to  the  coefficient  of  elasticity,  and  in  addition  a  local  trans- 
verse strain  or  contraction  takes  place  at  the  point  of  fracture. 
This  only  manifests  itself  shortly  before  rupture.  This  contrac- 
tion will  also  be  greater  in  small  cross-sections,  and  also  a  greater 
ultimate  resistance  and  greater  final  contraction  will  resnlt  in  a 
greater  final  stretch  with  the  same  length  of  piece. 

283.  The  elastic  limit  varies  between  one  half  and  two  thirds 
the  ultimate  resistance.  The  ultimate  resistance  is  usually  referred 
to  the  original  area,  and  not  to  the  contracted  area  at  the  place  of 
fracture.  The  foregoing  tables  are  interesting  and  instructive  as 
showing  the  relations  between  the  dimensions  of  the  cross-section, 
the  character  of  the  iron,  the  elastic  limit,  ultimate  tensile  resist- 
ance of  original  section  per  square  inch,  percentages  of  final 
elongation,  and  final  contraction. 

In  the  rectangular  bars  the  larger  ones  show,  as  a  rule,  the  lowest 
elastic  limit  and  ultimate  resistance.  The  double-refined  iron  gives 
principally,  the  highest  results  for  both. 

284.  As  examples  of  the  effect  of  annealing  at  different  tem- 
peratures, the  following  are  given : 

Tensile  resistance  of  iron  wire  0.19  inch  in  diameter  was  found 
to  be  83,380  pounds  per  square  inch. 

After  annealing  by  heating  to  redness  and  cooling  in  dry  ashes 
68,101  pounds,  and  beating  to  redness  and  quenching  in  water 
53,578  pounds,  per  square  inch. 

For  boiler-plate  iron  various  specimens  having  a  tensile  resistance 
of  from  about  48,000  to  77,000  pounds  per  square  inch  before  an- 
nealing, were  reduced,  by  annealing  at  temperatures  varying  from 
1037°  Fahr.  to  bright  welding-heat  and  cooling,  from  57,137  to 
56,678,  53,185  to  46,21^,  48,407  to  39,333,  and  76,986  to  50,074, 
pounds  per  square  inch. 

From  which  it  is  seen  that  the  tensile  resistance  is  materially 
decreased  by  annealing.  But  annealing  renders  the  iron  more 
ductile;  consequently  a  hard,  stiff  iron  can  be  rendered  suitable  for 
purposes  requiring  resistance  to  shocks  and  sudden  applications  of 
loads,  which  unannealed  would  be  entirely  unsuitable. 

Annealing  or  softening  means  raising  a  hardened  steel  to  a  red 
heat  and  then  allowing  it  to  cool  gradually. 
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Hardening  means  heating  to  red  heat  and  cooling  suddenly. 
Tempering  means  reheating  after  hardening;  as  the  heat  increases 
the  hardness  diminishes. 

Experiments  indicate  that  at  a  temperature  below  500^  Fahr. 
the  tensile  resistance  of  wrought  iron  is  not  essentially  decreased, 
bat  at  a  temperature  of  1000''  it  may  lose  more  than  one  half  of  its 
resistance.  This  is  of  great  importance  in  the  construction  of 
boilers. 

With  respect  to  the  effects  of  low  temperatures  on  wrought  iron 
it  seems  to  be  established  that  it  is  not  diminished  in  strength  under 
steady  strain^  but  that  at  low  temperatures  its  resistance  to  shocks 
is  much  affected^  depending  upon  mode  of  manufacture,  chemical 
composition,  etc. 

285.  Iron  wire  is  the  strongest  form  for  resisting  tensile  stress, 
and  the  ultimate  tensile  resistance  increases  as  the  diameter  of  the 
wire  decreases.  An  increase  of  iron  wire  from  0.122  to  0.124 
inch  in  diameter  decreases  the  tensile  resistance  from  94,871  to 
86,776  pounds  per  square  inch. 

Other  experiments  give  a  tensile  strength  for  diameters  from 
0.134  to  0.029  inch  of  from  92,890  to  113,546  pounds  per  square 
inch. 

286.  It  has  been  found  that  if  wrought  iron  be  subjected  to  a 
stress  greater  than  the  elastic  limit,  and  then  allowed  an  interval  of 
rest,  both  the  elastic  limit  and  ultimate  resistance  may  be  increased. 
The  gain  in  some  cases  was  from  about  3  per  cent  for  the  coarse 
iron  to  about  18  per  cent  for  the  soft  iron,  the  interval  of  rest 
varying  from  1  day  to  8  days  or  more. 

RESISTANCE  TO   CRUSHING   OF  WROUGHT  IRON. 

287.  The  crushing  resistances  of  materials  depends  even  in  a 
greater  degree  than  the  tensile  resistances  upon  mode  of  manu- 
facture, size,  form,  and  dimensions  of  pieces  both  actual  and  rela- 
tive, quality  and  composition  of  materials.  Not  only  do  the  ele- 
ments of  strength,  toughness,  and  ductility  modify  its  capability  of 
offering  resistance  to  compressive  stresses,  but  questions  of  nature 
of  cross-section  and  distribution  of  actual  metal  areas  with  respect 
to  certain  axial  lines,  and  relations  between  actual  lengths  and 
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dimensions  of  normal  cross-sections,  are  matters  of  the  greatest  im- 
portance, as  the  relations  between  stress  and  strain  are  not  in  many 
cases  direct  and  simple,  but  direct  stress  is  combined  with  bending 
stress  whenever  the  length  exceeds  a  certain  multiple  of  the  small- 
est dimensions  of  normal  cross-section.  These  considerations 
naturally  lead  to  the  consideration  of  two  distinct  conditions: 
1st,  the  resistance  to  pure  compression  which  only  takes  place 
in  what  ai:e  called  short  columns;  and,  2d,  the  resistance  to 
combined  compression  and  bending,  which  takes  place  in  long 
columns. 

The  second  condition  is  not  considered  in  this  article,  and  only  the 
resistance  to  pure  compression  on  short  blocks  or  columns.  These 
may  vary  from  those  in  which  the  height  is  only  a  small  portion  of 
the  area  of  the  base  (as  in  thin  mortar  beds,  in  joints  of  masonry: 
of  such  resistances  we  know  practically  nothing),  to  those  in  which 
the  height  may  be  equal  to  twice  or  three  times  the  least  dimen- 
sions of  the  base  or  normal  cross-section. 
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288.  Crushing  of  short  blocks  may  take  place  in  many  different 
ways.  The  phenomenon  is  not  as  simple  as  in  tearing  asunder,  and 
gives  rise  to  "the  following  cases  : 

Crushing  by  splitting  (Fig.  114)  into  a  number  of  more  or  less 
parallel  layers,  which  are  also  nearly  parallel  to  the  direction  of  the 
compressive  force.  This  mode  of  fracture  is  charsKsteristic  of  hard 
and  homogeneous  substances  of  a  glassy  texture,  such  as  vitrified 
bricks. 

Crushing  by  shearing  or  sliding  of  portions  of  the  block  along 
certain  planes.  The  shearing  or  sliding  may  take  place  along  a 
single  plane,  as  in  Fig.  115,  sometimes  along  two  planes,  as  in  Figs. 
116  and  117,  dividing  the  blocks  into  pyramids,  the  upper  and 
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lower  ones  approaching  each  other  and  forcing  those  on  the  sides 
outward.  The  greatest  intensity  of  the  shearing  stress  is  on  planes 
making  angles  of  45°  with  the  direction  of  the  crushing  force;  but 
the  friction  on  the  end  surfaces  and  upon  the  surfaces  of  sliding 
materially  reduce  these  angles,  which  have  been  found  for  cast  iron 
to  vary  from  42®  to  32°.  These  modes  of  crushing  are  character- 
istic of  granular  substances,  such  as  cast  iron  and  most  kinds  of 
stone  and  brick. 

Those  substances  which  give  way  by  splitting  and  by  shearing 
have  a  higher  resistance  to  crushing  than  tearing. 

Crushing  by  bending  or  crippling  may  occur  as  in  Fig.  114,  with 
a  buckling  or  bending  of  the  layers  into  which  the  block  is  split. 
This  takes  place  in  timber,  plates  of  wrought  iron,  and  in  bars  of 
considerable  length.  Short  bars  or  blocks  give  way  by  swelling  or 
bulging.  This  is  characteristic  of  ductile  and  tough  substances, 
which  really  never  fail  by  crushing  or  shearing.  An  increase  of 
compressive  force  simply  produces  an  increased  area  of  resistance 
by  swelling  or  bulging  laterally. 

289.  Crushing  by  cross-breaking  takes  place  when  the  length 
is  great  as  compared  with  the  diameter  or  least  dimension.  Under 
an  excessive  crushing  force  the  columns  yield  laterally,  and  are 
broken  across  similarly  to  beams  under  the  action  of  transverse 
loads. 

Since  ductile  wrought  iron  does  not  give  way  usually  otherwise 
than  by  shortening  in  its  length  and  increasing  in  the  area  of 
normal  cross-sections  when  applied  to  short  blocks  or  columns,  it 
is  necessary  to  define  the  meaning  of  the  failure  of  wrought  iron 
under  compressive  stress.  A  short  block  of  wrought  iron  is  consid- 
ered to  have  failed  when  its  length  has  been  shortened  by  from  5 
to  10  per  cent. 

290.  From  a  large  number  of  experiments  on  short  blocks  or 
columns  it  has  been  found  that  the  ultimate  resistance  to  com- 
pression may  be  taken  at  about  60,000  pounds  per  square  inch. 
This  must  not  be  confounded  with  the  compressive  resistance  in 
case  of  long  columns. 

The  elastic  limit  is  found  to  vary  from  0.4  to  0.5  of  the  crush- 
ing resistance,  or  from  24,000  to  30,000  pounds  per  square  inch. 
The  average  of  a  large  number  of  experiments  have  led  to  the 
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conclusion  that  the  coefficient  of  elasticity  for  wrought  iron  in 
compression  is  about  28,000,006  pounds  per  square  inch.  This 
may  be  found  as  follows:  If  at  the  intensity  of  stress  of  26,200 
pounds,  about  the  elastic  limit,  the  shortening  or  rather  compressive 
strain  is  0.113  inch  in  a  bar  10  ft.  or  120  inches  long,  then 

E  =  -p  -  =  26200  ^  ^^^  =  28,000,000  pounds, 
strain  120  ^ 

And  nnder  a  working  load  of  5000  pounds  per  square  inch  a  piece 
of  wrought  iron  would  be  shortened  by 

5000  1       .  .^  ,     _,, 

28000000  "-=  5600  **'  '**  ^^''^^' 

291.  Besistance  of  wrought  iron  to  shearing  will  depend  to  a 
great  extent  upon  the  thickness  of  the  test-piece.  In  thin  pieces 
the  shearing  is  simultaneous  throughout  the  section,  whereas  in 
thick  pieces  those  -portions  near  the  jaws  of  the  shears  begin  to 
separate  before  those  at  a  distance  from  it,  and  failure  extends 
gradually  or  in  detail.  Usually  shearing  in  detail  will  give  the 
least  ultimate  resistance  to  shearing  per  unit  of  area  of  the  entire 
section.  From  experiments  the  shearing  resistance  of  wrought 
iron  may  be  safely  taken  at  about  0.8  of  its  tensile  resistance,  or 
say  from  50,000  to  60,000  X  0.8,  equal  to  from  40,000  to  48,000 
pounds  per  square  inch;  and  the  coefficient  of  elasticity  for 
shearing  may  be  taken  for  soft  wrought  iron  at  8,571,000  pounds, 
and  for  iron  bars  at  9,523,000. 

The  shearing  resistance  of  good  rivet-iron  has  been  found 
about  equal  to  the  tensile  resistance  of  the  same. 

292.  Test  ly  Falling  Weight  or  Impact. — When  iron  is  to  be 
subjected  to  severe  and  sudden  blows  or  shocks,  it  is  tested  for 
strength  by  a  weight  falling  from  a  height.  If  a  ton-weight  is 
allowed  to  fall  30  feet,  with  an  apparatus  so  arranged  that  the  blow 
can  act  in  the  direction  of  the  length  of  a  bolt, — for  instance,  so  as 
to  produce  a  tensile  strain, — it  has  been  found  that  this  will  tear  a 
3-inch  bolt  asunder  in  six  or  seven  blows.  It  may  be  required  that 
it  shall  break  with  a  fibrous  and  not  at  all  crystalline  fracture,  and 
with  a  contraction  of  40  per  cent  in  area.  Iron  rails  are  also  thus 
tested. 
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FLEXURE  OF  SOLID   WROUGHT-IRON   BEAMS. 

293.  The  moduli  of  ruptare  for  solid  wronght-iron  beams  are 
fonnd  as  in  timber  and  cast-iron  beams  by  supporting  them  at  two 
points  and  loading  them  at  the  centre.  The  following  example 
illastrates  the  nature  of  the  experiments  and  the  calculations  for 
the  moduli  of  rupture  and  of  elasticity:  With  a  centre  load  of 
Fr=  15^885  pounds,  clear  length  of  25  inches  =  l,  and  ft  =  eJ  =  2 
inches,  then 

^      ZWl       3  15885  X  25      „,  ,^,  , 

■^  =  2  W^  =  2 8 =  ^^'^^^  P^''''^'' 

and  with  a  least  load  of  13,338, 

3  Wl 
./  =  2  ^i  =  62,522  pounds. 

The  mean  of  these  results  gave  about  68,000  pounds  for  the  modu- 
lus of  rupture;  the  tensile  strength  of  the  same  iron  was  45,000 
pounds.  The  conclusion  reached  is  that  the  modulus  of  rupture 
is  about  1.5  times  the  tensile  resistance:  45,000  x  1.5  =  67,500 
pounds.  • 

294.  From  the  same  set  of  experiments  before  loading  to  rup- 
ture the  coefficient  of  elasticity  was  determined  at  the  elastic  limit 
with  a  load  of  6625  lbs.  Hence/  =  31,000  nearly — about  the  elastic 
limit.  The  deflection  was  found  to  be  0.082  inch  =  v;  deflection 
is  the  strain  for  bending;  then  the  coefficient  of  elasticity  is 


wr 

E  =  TTT-^  ;    /  for  rectangular  beams  is  A^^*  \ 
48vi 

.-.  E^^..  =  .      'A'i^y\,,,  =  19,725,000  pounds. 
4vW       4  X  0.082  X  2  X  (2)'  ^ 

A  mean  of  a  large  number  of  experiments  was  found  to  be 
B  =  19,049,000  pounds  per  square  inch. 
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ART.  XXX. 


STRENGTH  OF  STEEL. 


296.  Pebhaps  more  thought,  labor,  and  experimenting  has 
been  given  to  the  production  of  uniform  and  reliable  grades  of 
steel  than  to  that  of  any  other  building  material.  Many  difficul- 
ties have  been  encountered  and  overcome  in  the  main,  and  while 
much  is  yet  to  be  determined  and  many  improvements  may  be 
desired,  manufacturers  can  now  produce  the  necessary  grades 
required  for  all  structural  purposes  with  a  reasonable  degree  of 
uniformity.  But  it  is  still  difficult  to  answer  the  question  often 
asked.  What  is  steel  ? 

It  is  first  a  form  of  iron  containing  from^  0.12  per  cent  of 
carbon  for  very  soft  steel  to  1.5  per  cent  for  very  hard  steel;  and, 
generally  speaking,  all  other  impurities  should  be  removed  as  far  as 
practicable.  The  effects  of  such  as  necessarily  remain  have  already 
been  alluded  to. 

After  this  it  may  be  said  that  steel  is  a  material  resulting  from 
certain  manufacturing  processes  by  which  many  properties  are 
acquired  either  not  possessed  at  all  by  other  materials  or  at  least 
to  only  a  limited  extent,  such  as  annealing,  hardening,  and  temper- 
ing; it  has  a  higher  tensile  and  compressive  resistance,  and  a 
higher  coefficient  and  limit  of  elasticity,  even  in  the  mild  grades, 
and  decidedly  so  in  case  of  the  hard  steels,  than  wrought  iron.  It 
is  weldable,  ductile,  and  altogether  a  reliable  material.  It  is  more 
easily  oxidized  than  wrought  iron,  and  far  more  so  than  cast 
iron. 

296.  Tests  for  Steel, — The  appearance  of  the  fractured  surface 
will  depend  upon  the  circumstances,  in  the  same  steel,  of  the 
fracture.  If  rupture  occurs  slowly  it  will  be  silky  fibrous,  if  sud- 
den granular,  in  appearance. 

A  better  test  is  to  heat  the  steel  and  judge  of  its  tenacity, 
resistance  to  crushing,  by  bending  on  a  small  radius  and  through 
a  large  angle,  fiattening  out  of  angle-bars,  and  by  its  welding- 
powers. 
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287.  Admiralty  Tests  for  Steels, — Plates  for  ship-building,  bars, 
angles,  ties,  or  tie-bars,  made  by  the  Bessemer  or  Siemens-Martin 
process,  strips  cut  lengthwise,  or  for  plates  either  lengthwise  or 
crosswise,  or  pieces  from  the  bar  in  round  bars,  shall  have  a  tensile 
resistance  of  not  less  than  26  tons  =  584^0  pounds,  and  not  more 
than  30  tons  =  67,200  pounds,  per  square  inch  of  section,  with  an 
elongation  of  20  per  cent  in  8  inches. 

298.  Tempermg  Tests. — Similar  strips,  1|  inches  wide,  heated 
uniformly  to  a  low  cherry-red  heat,  and  cooled  in  water  at  82° 
Fahr.,  must  stand  bending  in  a  press  to  a  curve  of  which  the  inner 
radius  is  1^  times  the  thickness  of  the  steel  tested,  the  strips  all  to 
be  cut  in  a  planing-machine,  and  to  have  the  sharp  edges  removed. 
The  ductility  of  every  bar  is  to  be  ascertained  by  the  application  of 
one  or  both  of  these  tests  to  the  shearings,  or  by  bending  them  cold 
with  the  hammer.  The  testing  pieces  must  be  of  same  width  for 
at  least  8  inches  in  length. 

299.  JPercussive  Tests  for  Round  Bars. — A  specimen  bar  of  2 
inches  in  diameter  may  be  taken  from  every  charge,  or  from  every 
50  bars.  This  must  stand  without  injury  a  weight  of  15  cwt., 
=  1680  pounds,  falling  30  feet,  or  20  cwt.  falling  22^  feet,  at  least 
for  one  blow;  and  the  following  facts  must  be  noted: 

(1)  The  number  of  blows  to  break  the  bar;  (2)  the  character  of 
the  fracture;  (3)  the  reduction  in  diameter  after  each  blow;  (4) 
the  reduction  in  area  at  place  of  fracture;  (5)  the  elongation  in  8 
inches  and  in  the  inch  containing  the  fracture. 

Welding  Tests. — Sample  pieces  to  be  welded  together  and  bent 
in  the  way  of  the  weld  when  cold. 

Tests  hy  Repeated  and  Falling  Blows. — A  length  of  6  feet  will 
be  cut  from  the  sample  rails,  placed  in  position  on  solid  sup- 
ports, clear  interval  3'  6",  the  ends  of  the  piece  projecting  equal 
distances  beyond  the  supports.  Then  a  weight  of  one  ton  (2240 
pounds)  will  be  allowed  to  fall  freely  upon  the  rail  at  its  centre 
from  a  height  12  feet  6  inches.  The  rail  must  stand  two  such 
blows  without  sign  of  fracture,  and  the  permanent  set  caused  by 
the  first  blow  must  not  exceed  2  inches.  A  similar  piece  sup- 
ported in  the  same  way  must  bear  at  its  centre  18  tons,  =  40,320 
pounds,  without  deflecting  more  than  -^  inch.  These  requirements 
were  for  rails  weighing  79  pounds  per  yard. 
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300.  Steel  for  bridges  and  roofs  should  have  a  high  elastic 
limits  which  will  permit  of  high  working  stresses.  Good  steel  for 
such  purpose  can  be  obtained  having  a  tensile  strength  of  35  tons 
=  78,400  pounds,  and  an  elastic  limit  of  20  tons  =  44,800  pounds, 
per  square  inch,  and  an  elongation  of  20  per  cent  in  8  inches 
of  length.  Such  steel  would  endure  a  working  stress  of  8  tons 
=  17,920  pounds  per  square  inch. 

The  following  are  some  of  the  requirements  from  the  India 
Office  for  large  steel  bridges : 

Steel  bars  and  plates  must  weld  perfectly,  and  not  crack  or 
crumble  at  all  when  hammered  at  a  welding  heat;  strips  I  inch 
wide  and  8  inches  long  to  have  a  tensile  strength  not  less  than  28 
tons  =:  62,720  pounds,  nor  more  than  31  tons  =  69,440  pounds  per 
square  inch,  an  elongation  of  not  less  than  20  per  cent,  and  a  limit 
of  elasticity  of  15  tons  =  33,600  pounds  per  square  inch.  The 
same  tempering  as  for  the  Admiralty  tests,  except  that  the  radius 
of  the  curve  to  which  the  steel  is  bent  is  3  inches  instead  of  1^ 
inches. 

Buckle-plates  of  roadway  to  bear  a  concentrated  load  of  12  tons 
at  centre  without  permanent  set,  and  24  tons  at  centre  without 
fracture. 

Rivets, — Tensile  strength  26  to  28  tons  per  square  inch,  in  test- 
pieces  of  10  diameters;  elongation  not  less  than  25  per  cent.  A 
piece  of  bar  heated  to  cherry-red,  quenched  in  water  at  82°  Fahr., 
to  bear  being  doubled  quite  close  without  injury.  A  piece  heated 
to  full  red  or  orange,  dropped  into  a  hole  in  a  cast-iron  block,  so 
that  1^  to  2  diameters  project,  to  bear  having  the  end  hammered 
out  to  a  thin  edge  all  around  without  showing  signs  of  cracking. 
All  of  the  above  tests  are  under  the  requirements  of  English 
engineers. 

301.  For  the  steel  used  in  the  construction  of  the  bridge  across 
the  Mississippi  at  Memphis,  completed  May,  1892,  the  require- 
ments were  as  given  in  Table  XXI,  page  295. 

Another  instance  of  the  requirements  for  steel  for  use  in  bridge 
construction  is  the  following: 

A  specimen  about  |  inch  diameter  should  be  taken  from  every 
melt.  This  bar  should  bend  double  when  cold  180°  around  its 
own  diameter  without  cracking;    should   have  an  elastic  limit 
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of  at  least  50,000  pounds,  and  an  ultimate  strength  of  at  least 
80,000  pounds;  should  elongate  12  per  cent  before  breaking, 
and  show  a  reduction  of  20  per  cent  at  the  point  of  fracture.  The 
percentage  of  carbon  was  fixed  at  0.35.  A  difference  in  the  strength 
of  large  and  small  sized  bars  corresponding  to  that  which  exists  in 
iron  bars  was  found  in  the  steeL  The  finished  bars  measured  6  x 
li  inches  to  If  inches,  and  were  found  to  have  an  elastic  limit  of 
37,000  pounds  and  ultimate  resistances  of  66,000  to  73,000  pounds 
per  square  inch.  The  modulus  of  elasticity  below  the  elastic  limit 
was  exceedingly  uniform. 

Sample  sizes  used  in  counters  and  laterals  approximated  closely 
in  their  strength  and  elastic  limit  to  the  test  samples. 

302.  S^eel  Cable-wire  for  the  East  River  Suspension  Bridge. — 
The  steel  must  be  hardened  and  tempered;  and  it  must  be 
galvanized.  The  size  of  the  wire  shall  be  No.  8  full  Birmingham 
gauge.  Each  wire  must  have  a  breaking  strength  of  not  less 
than  3400  pounds.  This  corresponds  in  wire  weighing  14  feet 
to  the  pound  to  a  rate  of  160,000  pounds  per  square  inch  of 
solid  section.  The  elastic  limit  must  be  not  less  than  0.47  of  the 
breaking  strength  =  1600  pounds.  Within  this  limit  of  elas- 
ticity it  must  stretch  at  a  uniform  rate  corresponding  to  a  mod- 
ulus of  elasticity  of  not  less  than  27,000,000  nor  exceed  29,000,000 
pounds. 

Mode  of  Testing. — 1st.  One  ring  in  every  forty  (40)  will  be 
tested  as  f oDows :  A  piece  of  wire  60  feet  long  will  be  cut  off  from 
either  end  of  the  ring,  and  it  will  be  placed  in  a  vertical  testing- 
machine.  An  initial  strain  of  400  pounds  is  now  applied,  which 
should  take  out  every  crook  and  bend.  A  vernier  gauge  capable 
of  being  read  to  ya^oo  of  one  foot  is  so  attached  as  to  indicate  the 
stretch  of  50  feet  of  the  wire.  Successive  increments  of  400  pounds 
strain  are  then  applied  and  the  vernier  read  each  time,  until  a 
strain  of  1600  pounds  is  reached.  It  is  required  that  the  amount 
of  stretch  for  each  of  these  increments  shall  be  the  same,  and  that 
the  total  stretch  between  the  initial  and  terminal  strains  shall  not 
be  less  than  j^l^  oi  One  foot,  equal  to  ^  ^Vo^  o  of  the  50  feet,  and 
on  reducing  the  strain  to  1200  pounds  there  shall  be  a  permanent 
elongation  not  exceeding  ift^^^Aft  of  its  length.  The  same  wire 
shall  then  be  subjected  to  a  breaking  strain.    The  minimum  re- 
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quired  is  3400  pounds  per  wire  or  160,000  pounds  per  square  inch. 
The  minimum  stretch  when  broken  shall  have  been  2  per  cent  in 
50  feet,  and  the  diameter  of  the  wire  at  the  point  of  fracture  shall 
not  exceed  ^^  of  one  inch. 

2d.  Every  ring  shall  be  subjected  to  a  bending  test  by  cutting 
off  from  each  ring  a  piece  of  wire  ^ne  foot  long,  and  coiling  it 
closely  and  continuously  around  a  rod  one-half  inch  in  diameter, 
when,  if  it  breaks,  it  will  be  rejected. 

3d.  All  the  wire  must  be  straight  wire;  that  is  to  say,  when  a 
ring  is  unrolled  upon  the  floor  the  wire  behind  must  lie  perfectly 
straight  and  neutral,  without  any  tendency  to  spring  back  in  the 
coiled  form,  as  is  usually  the  case.  This  straight  condition  must 
not  be  produced  by  straightening  machines,  as  they  only  injure  the 
strength  ^pd  elasticity  of  the  wire. 

Oeneral  Specifications  for  Steel  Suspenders,  Connecting-rod^ , 
Stirrups,  and  Pins. — All  steel  must  be  of  uniform  quality  known 
as  mild  steel,  and  give  these  results:  Ultimate  tensile  strength 
75,000  pounds  per  square  inch  of  full  section;  elongation  not  less 
than  15  per  cent  in  one  foot  of  length;  a  reduction  of  area  of  not 
less  than  25  per  cent  at  the  point  of  fracture;  limit  of  elasticity 
not  less  than  45,000  pounds  per  square  inch;  and  a  modulus  of 
elasticity  between  26,000,000  and  30,000,000  pounds  per  square 
inch. 

For  Other  Steel  Work. — All  of  the  steel  used  in  this  work 
must  be  of  a  mild,  uniform,  elastic,  and  ductile  quality,  suitable  for 
bridge  members.  Siemens-Martin  or  open-hearth  steel,  or  Besse- 
mer steel  under  the  Hay  process,  will  be  preferred.  Two  specimens 
direct  from  the  rolls,  each  1  inch  square  and  24  inches  long,  are 
required.  All  of  the  steel  must  be  capable  of  sustaining  a  tensile 
strain  in  every  full-sized  member,  round  or  flat  bar,  of  not  less  than 
70,000  pounds  per  square  inch  of  cross-section.  It  must  have  an 
elastic  limit  in  all  shapes  of  not  less  than  40,000  pounds  per  square 
inch,  and  a  modulus  of  elasticity  of  not  less  than  26,000,000  nor 
more  than  30,000,000  pounds  per  square  inch.  An  ultimate  elonga- 
tion of  10  per  cent  of  the  full  length  of  uniform  sections,  and  15  per 
cent  in  one  foot  of  length,  inclusive  of  the  fractured  section,  is  also 
required.  The  area  of  the  reduced  section  at  the  point  of  fracture 
must  not  exceed  80  per  cent  of  the  original  section. 


STRENGTH  OF  8TBSL.  347 


Small  specimens  of  one  foot  in  length,  of  even  section  of  one 
square  inch  or  less,  should  reach  a  tensile  strength  of  75,000 
pounds  per  square  inch,  with  a  modulus  and  limit  of  elasticity  and 
reduction  of  area  before  mentioned,  and  an  ultimate  stretch  of  15 
per  cent. 

All  round  or  flat  bars,  or  flat  pieces  cut  from  the  web  of  any 
shaped  bars,  must  be  capable  of  being  bent  cold  for  180"^  to  a  curve 
whose  diameter  is  no  greater  than  the  thickness  of  the  bar,  and  that 
without  cracking.  The  rivets  must  be  made  of  very  ductile  steel. 
The  rods  from  which  the  rivets  are  made  must  have  a  tensile  strength 
of  not  less  than  70,000  pounds  per  square  inch,  and  elongate  at  least 
20  per  cent  in  a  length  of  one  foot,  and  a  reduction  in  area  at  point 
of  fracture  of  30  per  cent.  If  the  minimum  is  reached  in  any  one 
of  these  requirements,  the  others  must  be  exceeded  by  at  least  10 
per  cent.  The  rod  must  be  capable  of  being  bent  cold  under  a 
hammer  180*^,  and  the  inner  surfaces  brought  into  contact  without 
producing  any  fracture. 

Cold  straightening  must  be  avoided;  but  when  resorted  to,  the 
pieces  must  be  annealed  afterwards,  and  of  every  piece,  any  portion 
of  which  for  any  cause  is  reheated,  the  whole  must  be  annealed  and 
very  slowly  cooled;  and  all  pieces  in  which,  from  tests  or  other- 
wise, a  want  of  uniformity  is  suspected  must  be  annealed  if 
required. 

All  rivet-holes  must  be  drilled,  unless  some  system  of  punching 
and  reaming  be  authorized  whereby  all  of  the  compressed  section 
around  the  punched  hole  will  be  cut  away.  The  spacing  must  be 
accurately  done,  as  no  gauging  or  drifting  will  be  allowed. 

The  above  extracts  from  specifications  give  more  succinctly  and 
clearly  all  of  the  actual  requirements  for  a  structural  steel,  and  it 
is  consequently  unnecessary  and  would  be  unprofitable  to  introduce 
a  large  mass  of  detailed  experiments,  as  the  above  embodies  the 
deductions  from  them  by  able  and  skilled  engineers,  so  far  as  they 
are  applicable  to  steel  as  a  building  material. 

BXTEACTS  FROM  SPECIFICATIONS  FOR  WROUGHT  IRON. 

303.  As  wrought  iron  and  steel  are  now  exclusively  used  in  the 
more  important  iron  structures,  especially  bridge  construction,  a 
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few  of  the  more  useful  requirements  are  introduced  here  for  the 
sake  of  comparison  with  similar  ones  for  steel. 

The  iron  subjected  to  tensile  stress  shall  be  tough,  ductile,  and 
of  uniform  quality,  capable  of  sustainiug  not  less  than  50,000 
pounds  per  square  inch  of  sectional  area  when  tested  in  large^and 
long  lengths,  and  have  an  elastic  limit  of  not  less  than  26,000 
pounds  per  square  inch.  If  the  bars  are  larger  than  4.5  square 
inches,  a  reduction  of  1000  pounds  will  be  allowed  for  each  addi- 
tional square  inch  of  section  down  to  a  minimum  tensile  resistance 
of  46,000  pounds  per  square  inch.  Test-pieces  taken  from  bars, 
and  haying  a  uniform  section  of  1  square  inch  for  a  length  of  10 
inches,  must  give  the  following  results: 

From  bars  of  4.5  square  inches  or  under,  an  ultimate  resistance 
of  52,000  pounds  per  square  inch,  with  a  stretch  of  18  per  cent  in 
8  inches.  From  bars  over  4.5  square  inches  in  area  of  cross-section, 
a  reduction  of  500  pounds  will  be  allowed  per  square  inch  for 
each  additional  square  inch  of  section  down  to  a  minimum  of 
50,000  pounds  per  square  inch.  Specimens  from  angles,  beams, 
channels,  or  plates  must  show  an  ultimate  resistance  of  50,000 
pounds  per  square  inch,with  15  per  cent  elongation  in  8  inches. 

All  iron  for  tension  members,  whether  bars,  angles,  or  plate, 
must  permit  of  being  bent  cold,  without  cracking,  on  a  curve  of 
which  the  diameter  is  not  greater  than  twice  the  thickness  of  the 
bar,  plate,  or  angle.  Any  of  the  above  classes  of  iroit,  when  nicked 
and  broken,  must  exhibit  a  fibrous  structure,  almost  entirely  free 
from  crystalline  specks.     Or, 

Round  bars  up  to  H  inches  diameter  must  bend  double,  when 
cold,  until  the  inner  sides  are  in  contact,  without  showing  signs  of 
fracture.  Square  bars  must  bend  cold  through  180°  around  a  cylin- 
der having  a  diameter  equal  to  two-thirds  the  length  of  the  side, 
without  showing  signs  of  fracture.  Flats  must  bend  cold  through 
180"^,  around  a  cylinder  having  a  diameter  equal  to  the  length  of  the 
shortest  side,  without  sign  of  fracture.  Elastic  limit  not  less  than 
26,000  pounds  per  square  inch,  and  the  elongation  of  the  bar  not 
less  than  15  per  cent  in  12  diameters.  The  reduction  of  area  at 
breaking-point  not  less  than  25  per  cent  of  the  original  section. 

304.  Probably  the  largest  eye-bar  ever  broken  in  a  machine  is 
the  following:  A  steel  bar  10  X  2f  inches  and  50  feet  from  centre 
to  centre  of  pin-holes  was  broken  on  the  1200-ton  hydraulic  test- 
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ing-machine  of  the  Phoenix  Iron  Works,  Pa.  The  elongation  in 
a  length  of  47  feet  was  9  feet  9  inches,  or  20.47  per  cent,  and  the 
redaction  of  area  was  50.4  per  cent.  Elastic  limit  33,250  pounds 
per  square  inch.  Ultimate  tensile  strength  of  the  bar,  1,626,322 
pounds,  or  61,720  pounds  per  square  inch.  The  fracture  was  silky, 
half  cup  and  half  angular,  not  at  all  crystalline.  The  originally 
circular  pin-hole  was  made  oblong,  the  elongation  being  2^  inches. 
The  pin  diameter  was  9  inches. 

COMPRESSIVE   RESISTANCE  OF  STEEL, 

305.  The  results  of  experiments  on  the  resistance  of  small 
specimens  of  steel  gave  from  175,000  to  193,000  pounds  per  square 
inch  of  original  section.    This  is  the  ultimate  resistance. 

Taking  the  ultimate  resistance  of  normal  untempered  steel  at 
from  100,100  to  112,400  pounds  per  square  inch,  when  heated  to  a 
light  cherry-red  and  plunged  in  oil  at  82 ""  Fahr.  its  ultimate  resist- 
ance will  be  from  173,200  to  199,200  pounds  per  square  inch. 
Heated  as  before,  and  plunged  in  water  at  79°  Fahr.,  with  final  tem- 
per drawn  on  heated  plate,  ultimate  resistance  325,400  to  340,800 
pounds  per  square  inch.  Heated  as  before  and  plunged  in  water 
at  79^  Fahr.,  and  tested  at  maximum  hardness,  ultimate  resistance 
275,640  to  400,000  pounds  per  square  inch. 

The  coefficient  of  elasticity  for  compression  varies  between 
28,000,000  and  35,000,000  pounds  per  square  inch,  the  elastic 
limit  from  36,000  to  60,000  pounds  per  square  inch. 

The  shearing  resistance  of  steel  is  about  three  quarters  the  ten- 
sile resistance. 

The  modulus  of  rupture  /  for  steel  is  about  1.66  times  the  ulti- 
mate tensile  resistance  for  square  Bessemer-steel  bars,  and  about 
1.85  times  the  tensile  resistance  for  square  crucible-steel  bars. 

The  elastic  limit  and  ultimate  resistance  to  tension,  in  mild- 
steel  plates,  increase  as  the  thickness  of  the  plates  decrease. 

The  process  of  annealing  decreases  both  the  elastic  limit  and 
ultimate  tensile  resistance,  but  increases  considerably  both  the  final 
stretch  and  contraction;  in  other  words,  increases  the  ductility  of 
the  material. 

306.  In  determining  the  tensile  strength  of  iron  and  steel  bars 
the  hold  or  grip  can  be  made  by  the  use  of  sleeves  and  screw-threads 
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at  the  ends  of  the  bar;  by  simple  enlargements  at  the  heads  for  the 
clips;  by  special  formed  ends  with  wedge-shaped  bearings;  or  by 
holes  and  pins,  as  shown  in  Fig.  II89  which  represents  a  bar  ready 
for  the  test.  In  Fig.  119  the  general  form  after  rapture  is  shown; 
ah  and  cd  show  the  total  stretch  or  elongation,  AB  the  original 
section,  and  A'B'  the  contracted  area  at  the  point  of  fracture.    The 


Fig.  1 19. 


elongation  in  any  given  length  is  indicated  by  the  dotted  lines  at 
the  centre  of  the  length  of  the  bar. 

The  chief  hindrance  to  the  common  and  almost  universal 
use  of  steel  for  structural  purposes  has  been  due  to  its  untrust- 
worthiness  and  its  inability  to  withstand  shearing  and  .punching 
without  serious  injury.  Experiments,  however,  show  that  soft  and 
mild  steels,  with  ultimate  tensile  resistance  of  from  55,000  to  70,000 
pounds  per  square  inch,  in  fact  any  steel  under  80,000  pounds 
tensile  resistance,  is  not  more  injured  by  punching  and  shearing 
than  wrought  iron  is.  Planing  and  reaming  for  shearing  and 
punching,  respectively,  restore  the  original  condition. 

The  effects  of  punching  and  shearing  are:  (1)  reduction  of 
ductility ;  (2)  elevation  of  tensile  strength  at  the  elastic  limit; 
(3)  redaction  of  ultimate  tensile  strength.  Annealing  sheared  or 
punched  steels  restores  ductility  to  a  great  extent,  and  reduces  the 
exaggerated  elastic  limit  for  thicknesses  up  to  one-half  inch. 
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AUT.  XXXI. 

EFFECTS  OF  FORM  OP  CROSS-SECTION  ON  THE  STRENGTH  AND 
STIFFNESS  OF  MATERIALS  USED  IN  ENGINEERING. 

307.  Haying  disonssed  in  Art.  XXI  the  equilibrium  and 
balance  of  forces  in  general,  in  Art.  XXII  the  equilibrium  and 
stability  of  frames,  in  Art.  XXIII  the  general  subject  of  shears 
and  bending  moments,  and  in  Articles  XXIV  to  XXX,  inclusive, 
the  capacity  of  the  different  materials  to  resist  the  action  of 
forces  and  moments  and  the  methods  of  determining  the  in- 
tensity of  these  resistances,  we  will  in  this  article  consider  the 
effects  of  the  form  and  cross-section  in  increasing  the  strength 
and  stiffness  in  order  to  secure  maximum  resistances  with  the 
least  weight,  and,  consequently,  in  general,  the  least  cost  and 
convenience  in  the  manufacture,  handling,  and  erection  of  struc- 
tures. It  is  well,  however,  to  remember  that  a  saving  in  weight 
of  pieces  or  structures  does  not  always  correspond  with  a  sav- 
ing in  cost,  as  so  much  labor  and  time  may  be  expended  in  pro- 
ducing the  desired  forms  and  making  the  connections  that  the  cost 
will  be  increased.  Especially  is  this  true  in  departing  from  the  use 
of  standard  forms  and  weights  in  order  to  conform  with  the  results 
of  over-nice  calculations  or  with  some  fanciful  idea  possessing  no  real 
advantage.  Such  things  may  be  necessary  under  some  circum- 
stances, but  generally  only  where  architectural  or  ornamental 
oonsiderations  are  necessary  or  desired  rather  than  convenience  or 
utility.  Strength,  economy,  and  suitableness  for  the  purpose  in  view 
are  the  important  matters  to  be  considered  in  this  place. 

308.  Timber, — Except  for  ornamental  purposes,  timber  is 
mainly  used,  whether  for  struts,  ties,  beams,  planks,  deals,  and 
battens^  in  the  square,  rectangular,  or  circular  cross-sections,  and  in 
solid  sections. 

Stone. — Stone  is  also  used  mainly  in  solid  sections,  and  com- 
monly in  square,  rectangular,  and  circular  sections.  Parts  of  certain 
structures,  such  as  ring-stones  of  arches  and  the  ends  of  piers,  have 
some  of  their  surfaces  elliptical,  and  of  other  curved  forms.     In 
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both  of  the  above  materials  economy  and  strength  require  such 
forms. 

Iron, — Cast  iron,  wrought  iron,  and  steel  can  be  cast,  rolled, 
hammered,  or  built  into  a  great  variety  of  forms  adapted  to  any 
purposes,  giving  the  greatest  strength  with  the  least  material,  and 
admitting  of  convenient  and  strong  connections. 

The  usual  forms  are  known  by  some  letter  of  the  alphabet 
which  they  most  resemble.  The  forms  are:  the  solid  or  hollow 
round;  square,  rectangular;  the  tee  or  inverted  tee  (a) ;  the  double 
tee  (b);  the  eye-beam,  having  two  equal  flanges  (c);  the  trough 
(d);  the  H  (e);  the  angle  (f);  the  zee  (g);  the  cross  (h);  the 
channel  (i) ;  and  flat  bars  Iknd  plates  of  any  desired  thickness. 

T.±    i,T    I    U    H     L 

A  B  CD  B  F        ■ 


X    +   D 


G  H  1 

Cast  iron  can  be  moulded  in  any  of  the  above  forms,  but  owing 
to  the  limited  use  of  cast  iron  for  structural  purposes  the  forms 
more  commonly  used  are  the  hollow  circle,  the  single  or  double  tee, 
and  the  trough  forms. 

Wrought  iron  and  steel  can  be  rolled  or  hammered  into  many 
of  the  above  forms.  The  rolled  forms  are  more  commonly  confined 
to  the  solid,  round,  square,  rectangular  forms;  the  eye-beams,  the 
angles,  the  zees  and  channels;  while  the  tees,  the  H's,  and  the 
crosses  are  usually  built  of  plates  and  angles,  as  shown  in  Figs.  121. 

a  is  the  simple  built  beam,  composed  of  one  vertical  plate  and 
four  angles,  riveted,  and  may  or  may  not  have  top  and  bottom 
plates;  ft  is  the  ordinary  box  beam,  composed  of  two  channels  and 
usually  only  a  top  plate,  and  the  bottom  may  have  a  plate  or  simple 
lattice-bars;  c  is  the  zee  column,  composed  of  four  z^es  and  plate 
or  lattice-bar;  d  is  the  Phoenix  column,  composed  of  four,  six,  or 
eight  circular  segments  with  flanges;  and  e  is  the  cross,  composed 
of  three  plates  and  four  angles.  In  each  form  the  parts  are  riveted 
with  single  or  double  rows  of  rivets.  It  is  evident  that  a  great 
variety  of  forms  can  be  built. 

309.  Tension. — To  resist  simple  tensile  stress  any  of  the  above 
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forms  are  or  can  be  made  suitable  by  proper  connections.  But  aa 
it  is  important  to  have  a  uniform  distribution  of  the  stress^  it  is 
best  to  collect  the  necessary  material  into  as  compact  a  mass  as 
possible;  hence  the  solid  round  or  square  sections  are  used  for  small 
stresses,  and  the  rectangular  for  the  larger.  If,  however,  a  tension 
member  is  to  be  under  transverse  stress,  as  in  the  bottom  chords  of 
some  bridgea  and  the  tie-beams  of  roof-trusses,  some  of  the  forms 
in  the  preceding  paragraph  must  be  used. 

310.  Compression. — For  members  under  compressive  strain,  if 
short  columns,  any  of  the  above-mentioned  forms  may  be  used,  as 
these  give  way  by  simple  compression..  But  for  long  columns, 
which  yield  by  direct  compression  and  bending  combined,  the  solid 
forms,  round,  square,  or  rectangular,  are  too  flexible  without  the 
use  of  unnecessary  material;  consequently,  if  made  of  cast  iron, 
the  hollow  cylinder  is  almost  exclusively  used,  as  giving  the  maxi- 
mum strength  and  stiffness  with  the  minimum  amount  of  material. 
If  made  of  wrought  iron  or  steel,  one  of  the  forms  a,  b,  c,  d,  or  e 
(see  Pigs.  121)  is  always  used.  The  form  i  is  frequently  if  not 
commonly  made  of  plates  and  angles,  as  shown  in  the  form  g. 

311.  Zong  Columns, — Where  the  ratio  of  the  length  to  the  least 
dimension  of  cross-section  is  great,  a  member  under  a  crushing  load 
does  not  give  way  by  pure  compression,  but  by  bending  sideways, 
crushing  on  one  side  and  tearing  apart  on  the  opposite  side.  The 
formulsB  which  have  been  adopted  for  practical  use  have  been 
deduced  partly  by  theoretical  and  partly  by  empirical  investiga- 
tions, and  are  commonly  called  Gordon's  formulae.  The  coefficient 
of  strength /is  supposed  to  be  composed  of  two  intensities  or  coef- 
ficients: first,  the  intensity  due  to  the  uniform  distribution  of  the 
load  over  the  cross-section,  ~  je>';  and,  second,  an  intensity  which 
arises  from  lateral  bending,  and  takes  place  in  the  direction  of  its 
least  side  or  diameter.  Let  (in  Fig.  120)  h  =  least  side  or  diameter 
and  l  =  the  greater,  /  =  length  of  the  strut,  and  v  =  greatest  deflec- 
tion from  the  original  straight  position.  The  greatest  moment  of 
flexure  =  Pv.  The  greatest  stress  p"  produced  by  that  moment  is 
directly  proportional  to  the  moment,  and  inversely  as  the  breadth 

Pv 
and  the  square  of  the  thickness,  or  p" :  tt  j .   But  the  greatest  deflec- 
tion eonsiBient  with  safety  is  directly  as  the  square  of  the  length  and 
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inversely  as  the  thickness^  or  t; :  ?- ;  also^  bh^  =  bh  x  h  =  the  area 
S  X  A.    Substitutingy  p^' :  -^  ;  and  since  the  stress  dae  to  the  direct 

p  PI*     r 

pressure  p'  =  -^,  .*.  p'' :  -^  :  p'-ri ;  that  is,  the  additional  stress 

due  to  bending  is  to  the  stress  due  to  direct  pressure  as  the  square 
of  the  length  is  to  the  square  of  the  least  diameter.  Multiplied 
by  some  constant  a,  determined  by  experiment,  there  then  results 

/  =  y+y'  =  |  +  §J«=|(l  +  a^.);.    .     (113) 
or  the  crushing  load 

P=-=^ (114) 

1  +  aj-, 

Eq.  (114)  is  found  by  experiment  to  apply  only  to  columns 
with  fixed  ends  or  with  flat  capitals  and  bases.  If  a  column  is 
rounded  at  both  ends,  that  is,  having  more  or  less  freedom  of  mo- 
tion, its  strength  is  the  same  as  that  with  both  ends  fixed  and 
double  its  length.    Hence  for  rounded  or  hinged  ends 

P=^       ^^  p (115) 

l  +  4a^ 

And  for  pillars  with  one  fixed  and  one  round  end  a  mean  between 
the  two  is  taken,  or 

P=  ^^     n (116) 

l  +  2«^ 

In  equations  (114),  (115),  and  (116)  8  =  area  of  cross-section, /is 
the  coefficient  of  resistance  to  crushing  of  the  material,  a  is  a  con- 
stant determined  by  experiment,  I  is  the  length,  and  h  is  the  least 
side  of  the  column  if  rectangular,  or  diameter  if  circular.  All  di- 
mensions to  be  in  the  same  unit. 

The  following  values  of  /  and  a  will  be  sufficient  in  this  place; 
special  values  will  be  given  in  another  place : 
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Table  XLII. 

For  cast  iron,  /=         80,000  i^  X  80,000  =:  26,700    18,800  to  20,000 

"  wrought  iron,  /=         86,000  ^  X  86,000  «  18,000      6,000  to   9,000 

"   stone,  /  =  5,000  to  20,000  2,000  to   6,000 

*•   brick,  /=  1,000  to    8,000  600  to    1,000 

"  timber,  /  =  1,000  to   6,000  600  to   1,000 

For  wrought-iron  rectangular  columns  a  =  ^^^^  for  cast-iron 
hollow  cylinders  a  ^x\^y  for  timber  a  =  ^\^,  and  for  stone  or  brick 
a  =  j^.  The  above  formulas  are  simple,  easy  of  application,  and  ap- 
proximately accurate.  Other  formulas  are  expressed  in  terms 
of  the  moment  of  inertia  or  square  of  the  radius  of  gyra- 
tion, which  will  be  fully  explained  when  discussing  beams. 

/is  still  equal  to  p'  +/?",  and  p'  =  -^;  but  p"  =  — r^ ^  as 

shown  in  Fig.  120,  for  all  formulas.    The  greatest  moment    i 
of  flexure  of  the  column  is  proportional  to  Pvy  and  may  be 
expressed  by  MFv^  M  being  a  constant  depending  upon  the    e) 
form,  and  the  bearings  of  the  ends  of  the  column.     By  the 

common  theory  of  flexure  MPv  =  - — ,  y  being  the  distance 

of  the  extreme  fibre  from  the  neutral  axis,  and  /  the  mo-  Fio.  120. 
ment  of  inertia  of  the  cross-section  of  the  column  (see  Art.  XXXII). 
Then 

''^^1  +  MvSy' 

I 

which  is  the  most  general  form  of  the  value  of  the  ultimate  crush- 
ing load,  corresponding  to  the  unit  strain/.     It  can  be  shown  that 

r  =  a, .  -,  and  /  =  Sp*,  S  being  area  of  cross-section  and  p*  the 

y 

square  of  the  radius  of  gyration.  Substituting,  and  making 
Oj  =  a,  Jf,  we  have 

P  =  -=^.* (117) 

*  See  Burr,  Elasticity  and  Resistance  of  Materials. 
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The  integration  by  which  the  value  of  v  is  obtained,  being  taken 
between  limits,  causes  everything  to  disappear  which  depends  upon 
the  condition  of  the  ends  of  the  column;  hence  eq.  (117)  applies 
to  all  columns,  whether  the  ends  are  rounded  or  fixed.  Assuming 
the  latter  condition,  and  as  the  column  must  be  bent  symmetri- 
cally, there  will  be  at  least  two  points  of  contraflexure,  B  and  C. 
Then  BG  =  iAD,  and  the  centre  bending  moment  at  B  must  be 
equal  to  that  at  A  or  D.  Hence  the  free  or  round  end  column  BO 
must  possess  the  same  resistance  as  the  fixed  or  fiat  end  column 
AD.    Hence  I  =  2BC  =  2l„  and  eq.  (117)  becomes 

P=         ■^^;, (118) 

1  +  4.- 

for  free  or  round  end  columns.  The  flat  or  fixed  end  column  AD 
has  also  the  same  resistance  as  the  column  AC,  with  one  end  fixed 
and  one  end  free  or  round.  Hence  I  =  ^-4(7=  |?,,  and  eq.  (117> 
becomes 

P  =  —^—f, (119) 

1  +  1.8«-, 
P 

for  columns  or  struts  with  one  end  fixed  and  the  other  rounded'. 

Columns  are  often  of  larger  cross-section  at  and  near  the  centro 
of  their  lengths  than  at  or  near  the  ends.  Such  columns  are  called 
"  swelled  columns."  Having  the  same  form  and  area  of  cross-sec- 
tion, they  will  sustain  a  greater  load  if  solid,  but  for  built  columns 
of  shaped  iron  it  is  found  that  they  will  not,  the  reasons  for  which 
it  is  not  necessary  to  state. 

Struts  or  columns  with  pin  ends  are  often  taken  to  be  in  the 
condition  of  columns  with  both  ends  round  or  free,  but  it  is  found 
that  such  columns  approximate  more  nearly  those  with  one  end 
fixed  and  one  end  round,  so  far  as  ultimate  strength  is  concerned » 
Which  will  be  used  depends  solely  upon  the  degree  of  safety  that 
may  be  required.  Eqs.  (114)  to  (119)  give  the  two  sets  of  three 
equations  each  which  are  applicable  to  the  resistances  of  columns,. 
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stmts,  posts,  or  pillars.    The  following  are  generally  used,  and  are 
the  common  forms  in  which  they  usually  occur  in  books: 

P^--^, (117) 

for  flat  or  fixed  end  oolumns. 

P  =  -^^ (118) 

l  +  4a-. 
P 

for  both  ends,  free  or  round. 

P=       ^^     ii (119) 

l  +  1.8a^. 

for  one  end  fixed  and  the  other  round.    Also  for  piu  ends,  as  the 
strut  members  in  truss  bridges. 

In  these  formulae  P  is  the  breaking  load  in  pounds, /is  the  co- 
efficient of  resistance  to  crushing  in  pounds  per  square  inch,  S  is 
the  metal  area  in  square  inches,  a  is  a  constant  determined  by 
experiment,  I  is  the  length  of  the  column  in  inches  or  feet,  and  p  is 
the  radius  of  gyration  of  the  cross-section  in  inches  or  feet.  I  and 
p  must  be  in  the  same  unit.  When  the  bearings  at  both  ends  are 
on  pins,  which  is  usually  the  case  in  large  truss  bridges  for  members 
under  compression,  P  is  often  found  from  equation  (118)  above  for 
both  ends  rounded;  but  it  seems  that  the  resistance  of  such  col- 
umns actually  approach  more  nearly  the  conditions  in  equation 
(119)  as  indicated  above.  These  formula  are  applicable  to  straight 
columns — that  is,  for  those  of  the  same  diameter  throughout. 
Theoretically,  swelled  columns  or  those  of  a  greater  diameter  at  the 
middle  of  their  length  should  be  stronger,  but  for  wrought  iron 
they  are  really  not  so  strong.  The  following  values  for /and  a  are 
taken  from  Mr.  Burr's  work: 


Table  XLIU. 
Flat  ends,  square  oolamns,/  =  39000;       a  s=  Tr^mr) 
Pin       «  «  «        /=  39000;  1.8a  =  ttJ„; 

Flat       "  "     Phoenix,/ =42000;       o  =  Trbir; 

Pin       «  "  "       /=  42000;  1.8«  =  „4inr; 

Round"  *•  "       /=  42000;     4a  =  ^riinr; 


(117) 
(118) 
(117) 
(118) 
(119) 
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Flat  ends,  American  Bridge  Go.  colnmn, 

/=  36000;       a  =  j^f^5    .    .     (117) 
Bound  ends,  American  Bridge  Go.  column, 

/=  36000;     4a  =  TTiTnr;    •    •    (US) 
Pin  ends,  American  Bridge  Go.  column, 

/  =36000;  1.8a  =  yT^.     .    .     (119) 

The  American  Bridge  Co.  column  is  composed  of  an  X  beam  and 


plates  riveted  to  flanges : 


For  steel  columns,  flat  ends:  For  mild  steel,  /=  67,000  lbs., 
^  =  TjhnFl  for  strong  steel, /=  114,000  lbs.,  a  =  Triinr* 

**  The  formula  for  square  columns  may  be  used  for  the  common- 
chord  section  composed  of  two  channels  and  plates,  with  the  axis  of 
the  pin  passing  through  the  centre  of  gravity  of  the  cross-section. 
By  putting  36,000  for  39,000  the  same  formula  may  be  used  for  com- 
pression members  composed  of  two  channels  with  zigzag  bracing. 


99 


312.  If  we  substitute  for  equation  (117),  P  =  — ^ — j^ ,  the  fol- 

;-,  in  which  d  is  the  least  dimension  of  the  col- 


lowing,  P  = 


_   fs 


1+4 


umn,  it  much  simplifles  the  solution  of  the  problem,  as  we  do  not 
have  to  find  the  moment  of  inertia  or  the  radius  of  gyration.  In 
this  case  the  experimental  constants  are  as  follows : 


Table  XLIV. 

Flat  endfi,  square  columns,  / 

One  pin  end,  square  "  /; 

Two  pin  ends,    «       «  f 

Flat  ends.  Phoenix     «  / 

One  pin  end,   «         «  f 

Two  pin  ends, "         "  / 
Flat  ends,  American  Br.  Co.  column,/ 

One  pin  end,     "         "     "  ''      f 

Two  pin  ends,  "          ""    "  "      / 


38500 

1  ^ 

38500; 

;  a 

37500: 

;  a 

42500; 

;  a 

40000] 

;  a 

36600; 

;  a 

36500; 

;  a 

36500; 

;  a 

36500 

;  a 

—  TTmT 


—  TB^ 


tAtt 
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From  experiments  made  by  Mr.  0.  Shaler  Smithy  the  following 
constants  are  recommended  for  wooden  columns,  using  the  same 
formnlsB: 

/  =  5000    and    a  =  rhr* 

For  the  column  /^  as  shown  in  Figs.  121,  called  the  common 
oolumnj  which  is  composed  of  two  channels  connected  on  one 


H  M 

FlOB.  Idl. 

side  by  a  solid  coveringrplate  and  on  the  other  by  lattice-bars. 

For  flat  ends,  /=  36500;  a  =  ^^hjs'y 
**  one  pin  end,  /=  36500;  a  =  ttWJ 
**    two  pin  end8,/=  36500;  a  =  iV^nr- 

Steel. — For  mild  steel,  /  =  67,000  lbs.,  a  =  -jxhr;  and  for 
strong  steel, /=  114,000  lbs.,  a  =  nX^^. 

313.  As  in  all  matters  pertaining  to  formulas  used  in  engineering 
construction,  simplicity  is  a  most  important  end  to  be  obtained, 
many  efforts  have  been  made  to  simplify  the  formulae  applicable  to 
long  columns;  and  recently  new  formulae  have  been  introduced, 
and  in  many  cases  adopted  by  practical  engineers.  The  following 
are  fair  samples: 

Mr.  Theodore  Cooper  has  recommended  the  following  formulse 
for  the  safe  or  working  loads,  using  Cooper's  Extra  A  type  of  loco- 
motive, namely:  Front  truck,  16,000  pounds;  4  pairs  of  drivers, 
30,000  pounds  per  pair;  and  load  on  each  pair  of  tender- wheels, 
18,000  pounds.    Then  if  j9  =  the  working  load  per  square  inch  of 
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metal  area,  p  =  the  radius  of  gyration  and  /  =  the  length,  both  in 
the  same  unit. 


For  top  chords  p  =    8000  —  30—  for  live-load  stresses 

P 

«      «      «       0  =  16000-60-^   «  dead-load     *^ 

^  P 

For  aU  posts     p=   7000-40^  "  liye-load       « 


tt      ft       a 


it      u       a 


•     • 


•     • 


•     • 


•     • 


(120) 
(121) 
(122) 
(123) 


0  =  14000-80-  «  dead-load     *» 

^  P 

p  =  10000  —  60—  "  wind  stresses; 
^  P 

For  laterals,     p  =    9000  —  50-  *'  assumed  initial  stress. 

P 

I 

—  is  generally  less  than  100,  and  always  less  than  150. 

In  a  recent  work  by  Mr.  Johnson  he  recommends  as  safe  work- 
ing loads  (using  a  factor  of  safety  =  4) : 

For  wrought  iron,  pin  ends,  ^  =   8500  —  0.17 f-j  ;    .    .    .    (124) 


€€  it 


tt         m  — 


p=   8500  -  0.1l(-j*j    .    .    .    (125) 
For  mild  steel,       pin  «     p  =  10500  -  0.24[-]  ;    .    .    .    (126) 

flat    «     II  =  10500  -  0.16(-y.    .    .    .    (127) 


u      «r 


Breaking  loads  per  square  inch. 


25 /?\* 
Oast  iron^jp  =  60000  — j-  (— j ,  round  ends; 


•  • 


m       u 


1»  =  60000- 


i(p)  '  ***  ^""^ 


.    (1S8) 


(129) 


RESISTANCE  TO   BENDING  OF  BEAMS  AND  OIBDERS.  361 

For  white  pine,  ^  <  60;  jo  =  2500  -  0.6^)  ; (130) 


t< 


yeUow    «    ^<60;i?  =  4000-0.8f^y; (131) 

•'    white  oak,   ^<60;  i?  =  3500  -  O.sf  ^.V; (132) 

in  which  d  is  the  diameter  or  least  side;  p  is  considered  as  not  ex- 
ceeding the  elastic  limit* 


AET.  XXXII. 

MOMENT  OP  RESISTANCE  TO  BENDING  OP  BEAMS  AND  GIRDERS. 

314.  Although  in  beams  of  all  forms  of  cross-section  the 
resistance  to  both  shearing  and  bending  is  necessarily  developed  in 
all  parts  of  the  cross-section,  it  is  usual  in  all  forms,  except  those  of 
the  solid  round,  square,  or  rectangular  cross-sections,  to  assume  that 
the  resistance  to  bending  is  confined  to  the  top  and  bottom  flanges 
and  the  shearing  resistance  to  the  web,  whether  of  solid  plates  or 
of  open  work ;  this  being  practically  true  when  the  material  is  so 
distributed  that  the  maximum  strength  is  secured  with  the  least 
material.  Iron  and  steel  beams  are  universally  cast,  rolled,  or 
built  into  these  latter  forms. 

The  general  moment  of  resistance  which  will  be  discussed  in 
this  article  applies  theoretically  to  any  form  of  cross-section  and  to 
any  material,  from  which  special  expressions  will  be  deduced 
applicable  only  to  special  forms. 

Beams  are  horizontal  or  inclined  members  or  pieces,  and  usually 
acted  upon  by  vertical  forces  or  loads. 

315.  The  effects  of  the  load  is  to  bend  the  beam  and  to  cut  or 
shear  it  along  certain  planes.  The  shearing  is  constant,  as  in  case 
of  a  single  isolated  load,  over  the  entire  length  of  the  beam  or  over 
a  part  of  it.  Where  several  isolated  loads  exist,  it  is  constant  over 
that  section  between  the  loads,  but  varies  from  section  to  section. 
When  uniformly  loaded  the  shearing  force  varies  uniformly,  being 
a  maximum  in  the  cantilever  beam  at  the  point  of  support,  where 
also  the  bending  moment  is  the  greatest;  but  in  a  beam  supported 
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at  both  ends  it  is  a  maximum  at  the  points  of  support^  where  the 
bending  moment  is  nothings  and  gradually  decreasing  to  nothing 
at  some  intermediate  point  where  the  bending  moment  is  a  maxi- 
mum.   These  effects  will  be  considered  separately. 

316.  The  effect  of  the  bending  action  is  to  compress  or  crush 
the  fibres  above  the  neutral  axis  and  to  stretch  or  tear  the  fibres 
below  in  the  case  of  a  beam  supported  at  both  ends^  and  the  reverse 
in  the  case  of  a  beam  fixed  at  one  end^  the  upper  fibres  in  this  case 
being  stretched  and  the  lower  fibres  compressed,  as  seen  in  Figs» 


B 


Fig.  123.  Fig.  138. 

122  and  123.  It  is  evident  that  in  passing,  in  the  same  beam,  from  ' 
a  condition  of  compression  to  that  of  extension  there  must  be  a 
surface  or  layer  of  fibres  which  is  neither  compressed  nor  extended, 
or  a  surface  of  no  bending  strain.  This  is  called  the  neutral  sur- 
face. The  length  of  this  layer  of  fibres  is  not^  changed,  and  it  can 
be  shown  that  this  surface  contains  the  centres  of  gravity  of  the 
cross-sections  of  the  beam.  The  condition  of  these  resistances  to 
crushing  aUd  to  tearing  must  be  one  of  equilibrium;  that  is,  the 
total  thrust  and  the  total  tension  at  any  cross-section  must  be  equal 
to  each  other,  as  these  are  the  only  forces  acting  in  the  direction  of 
the  length  of  the  beam,  and  act  in  opposite  directions.  The  neutral 
surface  passing,  as  it  does,  through  the  centre  of  gravity  of  a  cross- 
section,  will  vary  in  position  with  the  form  of  the  cross-section  of 
the  beam,  sometimes  nearer  the  top  and  sometimes  nearer  the 
bottom  of  the  beam.  As  the  strength  of  any  beam  depends  upon 
the  total  resistance  of  the  fibres  to  being  lengthened  and  shortened, 
upon  the  number  of  fibres  or  layers  of  fibres,  and  the  position  of 
these  fibres  with  respect  to  the  neutral  surface,  the  elements  that 
enter  into  the  algebraic  expression  for  this  resistance  will  be: 

1st.  The  coefficients  of  elasticity  of  the  material  to  resist  com- 
pression and  tension.  These  two  coefficients  are  generally  assumed 
to  be  the  same,  which  is  not  exactly  true,  though  practically  so. 
They  vary  both  with  the  kind  of  material  and  kind  of  stress, 
and  are  constant  in  any  given   beam.     Either  is  equal  to  the 
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ratio  of  stress  to  the  strain  produced.  Stress  is  an  internal 
force  which  resists  an  alteration  in  the  form  or  linear  dimen* 
sions  of    a  body;    this    alteration    is    called    strain.      In    sym- 

bolsy  j^  =  J  =  a  constant^  in  which  E  is  the  coefficient  of  elasticity^ 

p  is  the  intensity  of  the  stress,  and  I  is  the  increase  or  decrease  in 
length,  per  nnit  of  length,  in  the  line  of  action  of  the  force.  2d. 
Some  function  of  the  length,  breadth,  and  thickness  of  the  beam, 
expressed  generally  by  some  power  of  Z,  d,  and  d,  respectively.  3d. 
By  some  coefficient  depending  on  the  form  of  cross-section. 

317.  The  general  valne  of  the  moment  of  resistance  of  any 
beam  is  found  as  follows: 


FiQ.  ido. 


Let  Fig.  124  be  a  cross-section  of  any  beam,  and  Fig.  125  a  lon- 
gitudinal section  of  a  beam,  originally  straight,  but  which  under 
the  action  of  the  external  bending  moment  has  assumed  the  curved 
form  represented  in  Fig.  125,  concave  upward  and  convex  down- 
ward; CDy  any  layer  perpendicular  originally  to  the  direction  of 
the  loads,  but  now  curved  as  in  Fig.  125.  The  layers  at  and  near 
the  upper  surface  of  the  beam  are  compressed  or  shortened;  those 
at  and  near  the  lower  surface  EQ  have  been  stretched  or  length- 
ened. There  must  be  some  intermediate  layer,  such  as  oo,,  which 
is  neither  shortened  nor  lengthened;  this  is  called  the  neutral  layer 
or  surface.  This  layer  is,  however,  compressed  or  extended  in  a 
pair  of  inclined  directions  making  an  angle  of  90°  with  each  other 
or  45°  with  the  neutral  surface,  and  is  not  therefore  a  layer  or  sur- 
face of  no  strain,  as  often  stated.  If  the  external  forces  or  loads 
are  sufficiently  great  to  break  the  beam  crosswise  or  transversely, 
they  must  do  so  by  crushing  the  material  of  the  beam  above  the 
neutral  surface  and  tearing  it  asunder  below.  The  resistance  to 
breaking  or  bending  is  the  internal  stresses  of  compression  and  ex- 
tension developed  by  the  external  bending  moment,  and  by  the  laws 
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of  equilibriam  the  moments  of  th^se  stresses  must  balance  the 
oztemal  moment. 

In  finding  these  moments  of  resistance  it  is  determined  by  ex- 
periment that  the  longitudinal  stresses  vary  uniformly^  and  that 
their  intensities  are  proportional  to  their  distances  from  the  neutral 
surface.  If  p  is  the  intensity  of  the  stress  along  any  layer  CD, 
Figs.  124  and  125^  and  y  its  distance  from  the  neutral  surface, 

then  ~  is  a  constant,  -  =  a;  the  area  of  the  layer  is  =  ccdy;  the 

total  stress  on  the  layer  is  pzdy  =  axydy.  The  total  stress  on 
the  entire  cross-section,  Fig.  124^  will  be  =  afxydy,  and  these  are 
the  only  stresses  or  forces  in  the  direction  of  the  length  of  the 
beam,  as  the  loads  are  all  parallel  and  vertical.  Then  fxydy  =  0 
by  the  conditions  of  equilibrium,  and  the  resultant  of  these  stresses 
must  pass  through  the  centre  of  gravity  or  centre  of  parallel  forces, 
and  being  in  the  neutral  surface,  the  neutral  axis,  oo, ,  Fig.  124, 
which  is  the  intersection  of  the  surface  of  the  cross-section  with 
the  neutral  surface,  must  pass  through  the  centre  of  gravity  of  any 
cross-section;  hence  by  finding  the  centre  of  gravity  of  any  cross- 
section,  we  can  locate  the  position  of  the  neutral  axis.  As  p 
varies  with  y,  it  will  have  its  greatest  value  when  y  has  its  greatest 
value.  If,  then,  /,  be  the  greatest  tensile  strain  and  /,  be  the 
greatest  crushing  strain  that  the  beam  can  sustain,  y^  the  distance 
from  the  neutral  axis  to  the  extreme  outside  or  lowest  fibre  and  y, 
from  the  neutral  axis  to  the  extreme  upper  fibre  or  surface,  then 

V  f         f 

-  can  be  made  =  ^^  or  '^-^:  but  as  the  smaller  measures  the  ulti- 

y  y.      Vx         ^ 

mate  strength  of  the  beam,  and  as  in  some  materials  the  resistance 
to  crushing  is  greater  than  the  resistance  to  tearing,  we  should 

make  —  equal  to  the  smaller  of  the  two  ratios,  or  ^.   We  have  then 

y^  y 

^  =  ~.    p  =  --,9  /.  total  pressure  on  the  layer  =  pxdy  =  —,yxdy, 

f 
and  its  moment  =pxydy  =  -"^y^dy;  and  for  the  total  moment  of 

resistance  of  the  cross-section, 

M,  =  ^/xy*dy (133) 


RESISTANCE  TO   BENDnra  OF  BEAMS  AND  GIRDEBS.  365 

The  qnantity  nnder  the  integral  sign  is  called  the  moment  of 
inertia  of  the  crosa-section.  Making,  then,/cy'rfy  =  I,  which  is  the 
symbol  for  the  moment  of  inertia,  we  have 

The  moment  of  inertia,  /,  for  present  purposes  simply  means 
the  sum  of  all  the  elementary  areas,  xdy^  into  which  the  cross- 
section  can  be  conceiyed  to  be  divided,  multiplied  by  the  square  of 
the  distances  from  their  respective  centres  of  gravity  to  the  neutral 
axis  of  the  section. 

In  equations  (133)  and  (134) /is  called  the  coefficient  or  modulus 
of  rupture  of  the  material.  It  is  stated  by  some  authorities  that 
the  value  of  the  modulus  of  rupture  is  intermediate  between  the 
resistance  to  direct  crushing  and  tearing.  Later  authorities,  how- 
ever, give  the  value  of  the  modulus  of  rupture  as  equal  to  or  greater 
than  the  direct  tensile  resistance;  or,  taking  the  usual  materials^ 
the  relative  values  are  as  follows: 

Steel.       Wrought  Iroo.     Ctalt  Iron.  Timber. 

Direct  tensile  resistance  (a)  75000      (h)  50000       (c)  20000  (d)  10000 

a  X  1.66  s        6  X  1.5  =       c  X  8  (or  2\)  = 

Modulus  of  rupture/. .     125000  75000      40000  to  45000    10000  to  17000 

But  doubtless  the  more  common  practice  would  not  make  / 

greater  than  the  direct  resistance  to  tearing  in  the  above  table  for 

breaking  loads,  and  not  over  one  sixth  to  one  fifth  for  working 

,     ,  j  12500     J    8333      j  3333     „„ ,     J  1666     ^  ..    , 

loads,  or    JX5000'    j  10000'    j  5000'  *^^     j  iooo>  ^^^P^^^^^^^^' 

for  steel,  wrought  iron,  cast  iron,  and  timber. 

318.  For  sectioi^  of  similar  figures  /,  the  moment  of  inertia 
are  to  each  other  as  their  breadths  and  the  cubes  of  the  depths,  or 
/=  »'W",  and  y'  as  the  depths.    /.  y'  =  m'd\ 

.\  Jfo  =  •     , ,    =  nfbcT,    when  n  =  -^.         .    (135) 

The  moment  of  resistance  of  beams  of  the  same  material,  then, 
varies  as  the  breadth  h  and  the  square  of  the  depth  d.  By  doubling 
the  depth  we  increase  the  strength  four  times  and  double  the 
breadth  only  two  times.    Hence  the  deeper  the  beam  the  greater 
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the  economy  of  material  for  a  given  area  of  cross-section.    The 

ratio  of  -i  should  not  be  smaller  than  abont  one  sixth  or  one  eighth, 

otherwise  the  beam  would  be  wanting  in  lateral  stiffness. 

For  some  of  the  more  simple  forms  of  section  we  can  readily 
find  the  values  of  I  and  y\  equation  (134).  For  the  solid  rectangu^ 
lar  beam' 

I  =   fxy^'dy,    x  =  b,    y'  =z  y^  =  y^=zid  =  r; 

hence 

I=^^b(P;    Jf,=-^3^  =  i/W (136) 

For  the  circle 

i^+O,        rrd*  ,,      ,^      2f7rd'      fnr^        -,«^, 

^^J^fdy^-^.    r  =  id,    Jf.  =  -^-=-^-^,   .(137) 

applicable  to  round  logs;    for  beams  of  square  section  ft  =  if. 

Then  in  equation  (130) 

M,  =  ifd' (138) 

319.  For  solid  rectangular  beams,  Fig.  126,  the  moment  of 

cci resistance  can  be  found  directly.  Assuming 

I  ^*^>T I    a  beam  resting  on  two  points  of  support 

A  did  Ib    a   and   B,  and  to  be  bent  so  that  the 

„      ^^^  '      original  vertical  section  cd  assumes  the 

Pig.  136.  -i.  ,j     ^i.  j  xi. 

position  c,a„  the  upper  wedge  cgc^  the 

crushed  volume,  and  dyd^  the  torn  volume,  the  ordinates  of  these 

triangles,  or  volumes  per  unit  of  length,  would   represent  the 

uniformly  varying  stresses,  their  resultants  C  and  T  would  be  equal 

and  in  opposite  directions,  and  would  pass  through  the  centres  of 

gravity  of  the  triangles,  which  would  be  at  points  on  the  line 

joining  g  and  the  centres  of  the  bases  cc^  and  rfd„  and  at  two 

thirds  of  their  lengths  from  g.    Their  lever-arms  would  then  be 

equal  to  two  thirds  of  ^d  =  \d,  each,  as  the  neutral  axis  would 

be  at  the  centre  of  the  depth  of  the  beam ;  the  area  over  which 

the  stresses    are    distributed   would    be  ft  X  ^d.     Since  C=  T, 

they  form  a  couple  whose  lever-arm  is  ^d;  the  moment  of  this 

couple  is  then  M^=  T  X  |rf.     Since  /  is  the  stress  at  the  extreme 

upper  or  lower  surface  of  the  beam,  the  mean  intensity  of  either 
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Stress  =  if;  and  as  T=:  O^ifx  ^bd^  i/M,  then  M^  =  Ifbd 
X  ld  =  ifbd*,  the  same  as  eqaation  (136). 

380.  As  was  seen  in  Art.  XXIII^  the  bending  moment  depended 
on  the  length  of  the  beam,  upon  the  load  and  the  way  in  which  it 
was  distributed,  and  upon  the  way  in  which  the  beam  was  supported. 
The  general  expression  for  the  bending  moment  =  m  Wl,  in  which 
the  coefficient  m  depends  upon  the  manner  of  loading  and  support- 
ing the  beam,  W  =  the  total  load,  and  I  =  length  of  the  beam. 
Then  the  equation  expressing  the  equilibrium  between  the  bending 
moment  and  the  moment  of  resistance  to  bending  will  be 

M,  =  mWl==^=nfbd* (138^) 

For  a  rectangular  cross-section  we  have  seen  that  n  =  |,  for  a 
square  section  n==  ^  and  b  =  d,  for  a  solid  circular  section  ^  =  ^ 

and  b  =  d,  and  for  an  elliptical  section  n  =  ^,  b  the  conjugate  or 

shorter  axis,  and  d  the  longer  or  transYcrse  axis.  For  the  hollow 
forms,  such  as  the  hollow  rectangle,  square,  circle  and  ellipse, 
channels,  flanged  beams,  etc.,  it  is  better  to  use  the  equation 

mWl  =  ^=M, (139) 

and  find  /  and  y  for  each  case,  and  substitute  in  equation  (139). 
Mr.  Bankine,  however,  gives  tables  for  the  value  of  w  for  all  forms 
in  common  nse. 


AET.  XXXIII. 

MOMENTS  OF  INERTIA. 

821.  As  the  meaning  and  applications  of  the  moment  of  inertia 
are  but  little  understood  or  appreciated  by  young  engineers,  the 
writer  will  enter  into  some  detailed  determination  of  the  value  /, 
the  moment  of  inertia  for  some  of  the  more  common  and  useful 
forms  of  cross-section,  before  applying  the  foregoing  principles  and 
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relatione  to  the  determination  of  the  actual  dimensions  of  beams 
or  the  loads  that  any  given  beam  will  carry  safely. 

For  the  hollow  square,  rectangle,  and  circle  subtract  the  value 
of  /  for  a  square  or  rectangle  of  the  dimensions  of  the  hollow  por- 
tion from  the  value  of  /  for  the  entire  cross-section.  For  flanged 
beams,  if  the  flanges  are  of  equal  length  and  thickness,  find  the 
moment  of  inertia  for  a  solid  rectangle  whose  dimensions  are  the 
total  depth  of  the  beam  and  the  breadth  of  t)ie  flanges,  and  sub* 
tract  the  value  of  /  for  the  two  supposed  rectangles  between  the 
flanges  and  on  either  side  of  the  web.  This  is  also  true  for  any 
of  the  following  forms  in  T^hich  the  neutral  surface  is  at  the  centre 

of  the  depth  of  the  beam,  —j —  -f--"     -1—  ,  and  in  fact  for  any 

form  of  cross-section  in  which  the  solid  and  hollow  portions 
together  can  be  conceived  to  form  a  large  rectangle,  the  separate 
rectangles  composing  it  being  symmetrically  arranged  with  respect 

to  the  neutral  surface,  such  as  -^--^  ijTII  *  these  forming 

double  channels  latticed,  generally  of  wrought  iron.    For  such  forms 

as  the     I       with  only  one  flange,  or  the     |     with  unequal  flanges, 

the  f ormulsd  are  somewhat  complicated,  and  two  methods  are  used : 
one  consists  in  flnding  the  exact  position  of  the  centre  of  gravity 
of  the  cross-section  through  which  the  neutral  surface  passes; 
or  we  may  consider  the  cross-section  as  made  up  of  .a  series  of 
rectangles,  and  then  determine  the  moment  of  inertia  of  each 
rectangle  with  respect  to  the  neutral  axis  passing  through  its  centre 
of  gravity,  to  which  is  to  be  added  algebraically  the  sums  of  the 
separate  areas  of  the  rectangles  multiplied  by  the  squares  of  their 
distances  from  one  of  the  co-ordinate  axes  Ox  or  Oy.  All  of  these 
cases  will  be  readily  understood  by  the  following  diagrams  and 
values  of  /obtained. 

322.  The  moment  of  inertia,  so  far  as  it  appears  in  the  formulae 
for  the  strength  of  beams,  is  simply  the  sum  of  the  products  of  the 
infinitely  small  areas  into  which  a  surface  may  be  divided,  or  rather 
conceived  to  be  divided,  multiplied  by  the  squares  of  their  distance 
from  the  neutral  axis,  this  sum  being  equivalent  to  the  entire 
area  of  the  section  multiplied  by  the  square  of  its  radius  of  gyration, 
so  called.  In  other  words,  if  we  find  the  moment  of  inertia  for  any 
cross-section,  the   square  of  the  radius  of  gyration  will  be  that 
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quantity  divided  by  the  area,  or,  in  Bjmbols,  p'  =  ~,  in  which  p  ia   . 

the  radios  of  gyration,  1  the  moment  of  inertia,  and  a  the  area  of 
the  croes-Bection.  From  which  relation  and  the  values  of  J 
already  determised  for  solid  croas-sActions  we  aao  easily  oalcnlate 
the  values  of  /,  p',  eta,  given  below. 

Ita     ^^I  Tablb  XLV. 

^^I'         For  (1),  solid  eqnare,  ,. 

-'ffl     7=i<f,  «  =  ,?./.•  =  f/i 

For  (S),  hollow  sqnare, 

j^  For  (3),  solid  rectangle. 


<r  +  rf.'. 


=  bd,  ft'-- 


12^ 


For  (4),  hollow  rectangle. 
For  (5),  solid  oirdo. 


12(M-M.)* 


Fot  (6),  hollow  circle. 


For  the  following  crose-sectione, 


Fia.1.  -sia.m     no.  11. 
188. 


*,(?. .   /»'  = 


13(M  -  *,d,) 
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In  the  last  figures  (133,  7-11)  it  will  be  observed  Jihskt  b  is  the 
outside  breadth  of  the  flanges^  d  is  the  total  depth  of  the  section^ 

J,  is  the  total  breadth  of  the  hollow  portion,  i.e.,  b^  =  -^  +  ^  = 

b  ~  the  web  thickness,  and  d^  is  the  depth  between  inner  sides  of 
the  flanges. 

323.  For  the  following  forms,  where  there  is  no  top  flange  and 
the  wob  is  either  single  or  double,  and  when  double  the  two  webs 

together  have  the  same  thiek- 
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Fro.  134. 


Fig   185. 


ness  as  the  single  web,  we  pro- 
ceed as  follows:  The  web  may 
be  at  any  point  on  the  flange  at 
thb  middle  as  in  Fig.  134,  or  at 
the  ends  as  in  Fig.  135.  In 
such  figures  it  is  best  to  find 
the  centre  of  gravity  of  the  sec- 
tion which  locates  the  position  of  the  neutral  axis.  For  practical 
purposes  this  could  be  found  by  cutting  an  exact  copy  of  the  cross- 
section  out  of  cardboard,  tin,  or  other  material,  and  balancing  it 
on  a  knife-edge,  by  which  we  can  locate  the  position  of  the  neutral 
axis;  or  we  can  determine  the  position  of  the  centre  of  gravity,  as 
in  case  of  the  centre  of  parallel  forces  in  Art.  XXI.  Dividing  the 
cross-section  into  a  number  of  rectangles,  the  areas  may  be  taken  to 
represent  both  the  volumes  and  weights,  as  the  unit  weight  would 
appear  in  all  of  the  terms,  and  can  be  omitted.  Likewise,  the 
length  being  unity,  the  areas  are  equivalent  to  the  volumes;  and  as 
the  sum  of  the  moments  of  the  parts  is  equal  to  the  moment  of  the 
sum  taken  with  respect  to  any  axis  perpendicular  to  the  section, 
assuming  the  axis  to  pass  at  the  lowest  point  or  edge  of  the  flange 
at  c,  we  have  two  rectangles  whose  areas  are  bd  and  b^d^,  their 
respective  centres  of  gravity  from  c  =  ^d  for  bd,  and  d  +  i^,  for 
b^d^,  The  sum  of  their  moments  is  then  =  b^d^dd^  -f  d)  +  6rf 
X  id,  the  entire  area  =  bd  +  b^d^ ,  and  its  unknown  lever-arm  is  y^. 
As  the  neutral  axis  oo^  must  pass  through  the  centre  of  gravity  of 
the  entire  section,  its  moment  is  {bd  -j-  b^d^)y^ ,  and  as  the  moment 
of  the  sum  is  equal  to  the  sum  of  the  moments  of  the  parts, 
y,(bd  +  b,d,)  =  h.dXid,  +  d)  +  bdxid\  hence 


yo  = 


bd  +  b^d^ 


(140) 
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y.  +  y.^d  +  d,^      /.  y,  =  d+rf,-y.  =  ^  +  M(t/.  +  D.(Ul) 

These  values  of  y^  and  y^  give  the  distances  of  the  centre  of 
gravity  of  the  entire  section,  and  also  of  the  neutral  axis  oo^y  from 
the  bottom  and  top  of  the  beam,  respectively.  Now,  having  the 
position  of  the  neutral  axis,  the  moment  of  inertia  of  the  sections 
Figs.  134  and  135  is  then  equal  to  the  algebraic  sum  of  the  areas  or 
rectangles  into  which  tho  surface  may  be  divided,  multiplied  by 
the  squares  of  the  distances  from  the  neutral  axis  to  their  re- 
spective centres  of  gravity,  increased  by  the  sum  of  the  moments  of 
inertia  of  the  several  rectangles  with  respect  to  a  neutral  axis  pass- 
ing through  their  own  centres  of  gravity,  respectively.  This  rule 
is  general,  and  applicable  to  all  figures  that  can  be  formed  by  sym- 
metrically arranged  rectangles,  the  neutral  axis  of  each  rectangle 
being  parallel  to  the  neutral  axis  of  the  entire  section. 

As  the  neutral  axis  oo^  in  Figs.  134  and  135  will  generally  pass  a 
little  above  the  upper  surface  of  the  flange,  there  will  be  at  least 
three  areas  to  consider:  1st,  that  portion  of  the  web  above  the  neu- 
tral aj:is;  2d,  that  portion  between  oo^  and  the  flange;  3d,  the 
flange  itself. 

But  having  found  the  value  of  y,,  it  will  be  simpler  to  suppose 
that  the  thickness  of  the  flange  is  increased  from  d  to  y^,  and  then 
deduct  for  the  two  small  rectangles  on  either  side  of  the  web  and 
between  oo^  and  the  flange.  Referring,  then,  to  Figs.  134  and  135, 
we  have  areas  6,y,,  by ^y  and  {b  —  bj{y^  —  d).  Their  respective  dis- 
tances from  the  neutral  axis  to  their  centres  of  gravity  squared  will 

^®  HViV'  (tyo)S  *^^  [^(^0 ""  ^]'-  The  sum  of  these  quantities 
multiplied  two  and  two  =  i^.y,*  +  iby^*  +  i{b  —  b^){y^  —  d)',  to 
which  must  be  added  the  sum  of  the  moments  of  inertia  of  each 
rectangle  with  respect  to  an  axis  parallel  to  oo,  through  its  own 
<5entre  of  gravity.  These  can  be  written  directly  from  Fig.  129, 
paragraph  322,  and  for  the  three  rectangles  are  -^bj/*^  ^by^\ 
and  —  ^(J  —  ft,)(y,  —  d)";  hence 

hence 

By  definition,  I  =  Ap*,  A  being  the  area  and  p*  =  the  square 
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of  the  radius  of  gyration.  The  radius  of  gyration  p  of  a  body  about 
a  given  axis  is  a  length^  the  square  of  which  is  the  mean  of  all  of 
the  distances  squared  of  the  centres  of  gravity  of  the  indefinitely 
small  portions  of  the  body  from  the  same  axis^ — ^in  this  case  the 
rectangles  and  neutral  axis. 

If  y^  and  y,  in  terms  of  the  dimensions  of  the  beam  as  fonnd  in 
equations  (140)  and  (141)  ai*e  substituted  in  equatiouB  (142)  and 
(143)>  I,  p,  and  A  can  be  easily  determined. 

324.  For  the  double-flange  form,  "T  ,  with  unequal  flanges^ 

we  find  y^,  y^y  I,  A^  and  p'  by  an  exactly  similar  process. 

In  Fig.  136,  t/  =  thickness  of  lower  flange, 

d^  =  thickness  of  upper  flange^ 
d^  =  height  or  depth  of  web, 
b^  =  breadth  of  upper  flange, 
"b  =  breadth  of  lower  flange. 


Fig.  186.  Then 


i,  =  thickness  of  web. 


Assuming  that  the  thickness  of  flanges  are  increased  to  y^  and 
y, ,  respectively,  and  deducting  for  the  areas  on  either  side  of  the 
web  and  between  oo,  and  the  flanges,  we  have  areas  hy^^  J,y,  and 

—  (6  —  Ja)(yo  —  ^)>  a^d  -  (*i  ~  *«)(yi  "-  ^1)5  *^d  *Ko  squares  of 
their  respective  distances  between  their  centres  of  gravity  and 
neutral  axis  00,  are  i?/„%  iy,%  i(y.  -  d)*>  iC^i  -  «^i)'-  The 
products  of  these  added  =  \hy^  +  iS,y/  —  [i(6  —  ft,)(y,  —  (^)* 
+  i(^i  ~  ^a)(yi  ~"  ^1)']  5  *"^  ^^®  moments  of  inertia  of  the  several 
rectangles  with  respect  to  their  own  neutral  axes  parallel  to  00^  are 
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A^.%  A*iy.%  -  Mi  -  *.)(yo  -  d)\  and  -  ^(ft.  -  b,)(if,  ^  d,y. 
Hence 

=  ^/ + ».y.' "  (^  -  ^)(y.  -  ^)'  -  (». "  ^)(y.  -  tf>)\    (j^^^ 

/^  =  3;  ^=M  +  ft.rf,+  *,rf, (146) 

Any  of  the  preceding  forms  can  be  used  either  as  colamns  or 
beams;  so  likewise  the  following  forms,  which  are  built  up  of  plates, 
channels,  and  angle  irons  riveted  together;  but  the  hollow  circle 
and  the  Phoenix  column  or  beam  are  rarely  used  for  beams.  The 
following  forms  of  cross-sections  are  used  for  the  strut  members  of 
iron  trestles  and  iron  bridges: 

For  columns  the  more  common  forms  are:  1st.  The  Phoenix 
columns  with  circular  cross-section,  composed  of  four  or  more  circu- 
lar  segments,  with  external  flanges,  riveted  together  through  the 
flanges.  These  form  a  closed  column,  which  is  ob- 
jected to  by  many  on  account  of  the  supposed  deteri- 
oration on  the  inside  from  rust,  as  the  interior  can- 
not be  painted  after  being  once  closed;  but,  on  the 
contrary,  the  advocates  of  this  column  or  beam 
claim  that  the  objection  is  more  fanciful  than  real. 
This  form  is  largely  used  by  the  Phoenix  Bridge 
Co.,  and  often  adopted  by  engineers  as'  being  the  most  econom- 
ical. Another  objection  to  this  form  of  column  is  that  it  is  used 
generally  in  connection  with  cast-iron  bases  and  capitals  and  cast- 
iron  sockets  between  the  different  sections  in  long  columns  and 
beams;  and,  in  addition,  the  connections  for  the  diagonal  and  hori- 
zontal braces  between  the  columns  both  in  horizontal  and  vertical 
planes  are  difficult,  and  seem  somewhat  complicated  by  the  number 
of  pins,  loops,  hangers,  etc.,  required.  But  there  are  many  bridges, 
and  innumerable  iron  trestles  or  viaducts,  in  which  the  columns  and 
other  strut  members  are  of  this  construction.  Examples  of  these 
have  been  given  in  previous  paragraphs.  By  reference  to  the  above 
cross-section  we  see  that  it  may  be  made  up  of  a  hollow  circular 
cross-section,  and  a  series  of  rectangles,  the  number  of  which  may 
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be  four,  six,  or  eight.    In  paragraph  322  we  see  that  the  moment  of 


inertia  /  of  the  hollow  circle  is  /  = 


_;r(r,--0. 


;  and  for  the  rect- 


angles formed  by  the  flanges  the  moment  of  inertia  would  be  the 
area  bl  multiplied  by  the  square  of  its  distance  from  any  axis  pass- 
ing through  the  centre  of  gravity  of  the  entire  column  increased  by 
the  moment  of  inertia  of  the  rectangle  with  respect  to  an  axis 
through  its  own  centre  of  gravity.  It  can  easily  be  shown  that  the 
position  and  direction  of  the  diameter  of  the  column  assumed  for 
the  neutral  axis  is  immaterial;  we  will  therefore  assume  it  as 
through  the  centre  of  gravity  of  the  two  opposite  flanges^  A  and 
B.    The  sum  of  the  moments  of  inertia  of  all  the  flanges  will  be 

21>l[r  +  ^ J   "I"  ^  ^  To*    '^^^  '^^  term,  being  very  small  as  compared 

with  the  moment  of  inertia  of  the  whole  section,  may  be  neg- 
lected; hence  the  moment  of  inertia  of  the  entire  section  will  be 

7=  — ^ — - — ^  +  2Wfr  +  -]  ;  r  =  exterior  and  r,  interior  radius, 

b  =  breadth  and  I  =  length  of  rectangles.  Area  of  cross-section 
=  n(f\*  —  r/)  +  4JZ;  radius  of  gyration  squared 


p'  = 


n{r'-r,')  +  m        ~       4;r(r' -  r.')  +  IGW     '  ^^*'' 


M 


ii5^  ni'  ttr  - 


A 


% 


b. 
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2d.  If  the  column  is  a  box  composed  of  two  channels  and  cover- 
plates,  as  in  Fig.   138,  proceed  as  follows:   Let  b  =  breadth  and 

t^  =  thickness  of  the  plates  ;  t  =  the 
thickness  of  the  web  of  the  channels,  and 
d  =  the  channel  depth ;  t^  =  the  thick- 
ness of  the  flanges  of  the  channel  and 
J,  =  the  breadth  of  the  flange  projec- 
tion. In  this  cross-section  we  have 
two  axes  of  symmetry,  as  the  neutral 
axes  00,  and  o^o^.  Find  first  the  mo- 
ment of  inertia  with  respect  to  oo^  for 
the  covering-plates, 


— a 


10, 

Pig.  188. 
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these  being  rectangles  distant  from  and  symmetrically  situated  with 
respect  to  oo^.    For  the  moment  of  inertia  of  the  channels 


[ 


(».  +  0^      Ud  -  2^.)' 


12 


12 


1x2  = 


_  (6,  +  t)d'  -  bAd  -  2ty 

6 


for  both  channels.    Hence 


j=K  +  ,t^i±tlX  +  (A±JK^:m.:i^    (hs) 


about  the  azis  o,o,.  For  the  two  covering-plates  about  an  axis 
through  their  own  centres  of  gravity  ^  x  2  =  -^,  and  for  the 
two  channels  we  may  construct  the  diagram  Fig.  139,  in  which 


■■E 


b 


». 


F 


r    A 
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we  have  two  rectangles^  each  t^  in  thick- 
ness and  2b ^  +  2t  +  b,  in  breadth,  and  a 
rectangle  b^  +  2t  in  breadth,  in  height 
d  —  2t^,  from  which  must  be  subtracted  j^ 
the  rectangle  of  ft,  thickness  and  d  length, 
the  axis  o,o,  passing  through  their  respect- 
ive centres  of  gravity,  and  we  write  at  JJ 
once  the  algebraic  expression  for  the  mo-  ^®«  ^^• 

ment  of  inertia  of  the  whole  area  of  the  two  channels, 

2t,{2b,  +  2t+  b,Y      {d  -  2t,)(b,  +  2tY      dK\ 
12  '^  12  12' 

and  for  the  entire  cross-section, 

J  _tj^,  2/.(25.  +2t  +  ft.)'      {d  -  2<.)(ft.  +  2i)*  _  dh:  ..... 
^'~    Q    ^  12  "^  12  'W  ^^*  ' 

The  area  of  the  entire  section  A  =2ft^,  +  4(ft,  +  t)t,  -)•  %t{d  —  2t^), 
and 

In  the  above  equations  (148)  and  (149)  if  the  covering-plates  are 
omitted,  and  the  channels  are  connected  by  thin  strips  of  iron  riv- 
eted to  them  at  intervals,  owing  to  areas  of  these  being  very  small 
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all  terms  in  the  abore  equations  inyoMng  bt^  can  be  omitted* 
Such  are  called  the  latticed  columns;  these  are  the  usual  forms 
of  columns.    Eq.  (148)  then  becomes  with  respect  to  oo^ 


^ 6  ' 


and  from  Eq«  (149) 


r  -  g^.(2ft,  +  2<  +  ft,)'  +  (rf  -  2t)(h,  +  2ty  -  rfV 


with  respect  to  ojo^. 


A  =  ^b,  +  t)t.  +  2{d^2t,)ii    P*  =  2    or    ^.    .    (150) 

3d.  If  the  box  columns  are  composed  of  two  rectangular  cover- 
plates  and  two  web-plates^  and  these  connected  by  angle-irons  four  or 


Fig.  r40. 
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eight  in  number^  or  a  built  flange  beam 
of  two  rectangular  plates  and  one  web* 
plate  connected  by  four  angle-irons  as 
in  Figs.  140  and  141,  respectively,  hav- 
ing as  in  the  above  case  two  neutral  axes 
at  right  angles  to  each  other  as  in  oo, 
and  0,0,,  the  moments  of  inertia  I 
and  i,  can  be  easily  found  as  outlined 
above  by  recollecting  that  the  moment 
of  inertia  of  any  cross-section  com- 
posed of  any  number  of  symmetrically 
arranged  rectangles  with  respect  to  the 
neutral  of  the  entire  section  is  found  by 
first  adding  together  the  areas  of  each 
rectangle  multiplied  by  the  square  of 
the  distance  between  its  centre  of  grav- 
EiG.  i4i«  ity  and  the  neutral  axis  oo^  or  o,o,,  and 

to  this  sum  the  moments  of  inertia  with  respect  to  a  neutral  axis 
passing  through  its  own  centre  of  gravity  and  parallel  to  the  neutral 
axis  of  the  entire  cross-section.  It  will  be  observed  that  Pigs.  140 
and  141  are  built  up  of  rectangular  plates,  and  angles  the  two  legs 
of  which  may  be  cosidered  as  forming  two  rectangles. 


A 
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If  the  web  in  Fig.  134  is  moved  to  the  end  of  the  flange,  or  Fig. 
135  be  cut  by  a  plane  between  the  two  webe,  the  resulting  parts 
would  form  the  angle-irons,  and  equations  (140),  i^^^)}  U^^)^  0-^^) 
can  be  easily  adapted  to  the  above  suppositions.  The  uses  and  prac- 
tical value  of  the  moment  of  inertia  has  already  been  seen  in  dis- 
cussing long  columns,  and  wiU  be  further  explained  in  the  practical 
application  of  the  foregoing  formulae  and  principles  to  the  deter- 
mination of  the  strength  and  dimensions  of  beanui. 


ART.  XXXIV. 

SHEARING  F0RCB8. 

325.  The  subject  of  shearing  forces  has  been  alluded  to  in  con- 
nection with  that  of  bending  moments,  which  it  generally  accom- 
panics,  and  in  that  connection  it  was  seen  that  at  any  section  of  a 
beam  it  was  equal  to  the  algebraic  sum  of  the  vertical  forces  or 
loads  acting  on  that  part  of  the  beam,  on  either  side  of  the  sec- 
tion. And  further,  that  for  beams  fixed  at  one  end  and  loaded 
with  a  single  weight  at  the  free  end,  or  at  any  point,  the  shearing 
force  is  constant  and  equal  to  the  load  from  the  point  of  applica- 
tion to  the  fixed  end,  and  when  uniformly  loaded  either  over  a 
part  or  tlie  whole  of  its  length,  that  the  shearing  force  gradually 
increases  from  the  outer  to  the  inner  end  of  the  load,  attaining  its 
maximum  value  at  the  inner  end  of  the  load,  and  increasing  in 
the  same  direction  as  the  bending  moment,  its  maximum  value 
being  equal  to  the  sum  of  all  of  the  loads  between  the  free  end  and 
the  last  load  (inclusive)  preceding  the  given  section,  which  may  be 
at  the  fixed  end. 

If  the  beam  is  supported  at  both  ends,  it  was  also  seen  that  the 
shearing  force  had  its  maximum  value  at  the  points  of  support  where 
the  bending  moment  is  zero,  and  decreased  gradually  towards  some 
intermediate  point  (in  case  of  a  uniformly  distributed  load)  or  by 
successiye  subtractions  of  the  isolated  loads  between  the  points  of 
support  and  that  point  where  the  bending  moment  was  the  greatest, 
at  which  point  the  shearing  force  was  zero;  and  that  at  any  sec- 
tion the  shear  is  equal  to  the  first  differential  coeiScient  of  the 
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bending  moment  f -^  j,  considered  as  a  function  ajj,  the  co-ordinate 

X  being  horizontal  and  measured  from  any  point  in  the  length  of 
the  beam,  the  loads  being  normal  to  the  axis  of  the  beam.  The 
above  conditions  as  to  loading  and  supporting  beams  are  alone  con- 
sidered in  this  article.  The  shear  having  been  found  by  the  above 
principles  and  rules,  we  will  now  find — 

326.  The  distribution  of  the  internal  stream  which  resists  the 
shearing  force  at  any  section. 

Without  undertaking  to  discuss  the  theories  or  deduce  the 
equations  applicable  to  internal  resistances  to  shearing,  a  few  of  the 
principles  and  practical  results  will  be  explained  as  regards  the  in- 
tensities, directions,  and  distribution  of  this  stress. 

T7ie  First  Principle. — Planes  of  equal  shear  or  tangential 
stress. — "  If  the  stresses  on  a  given  pair  of  planes  be  tangential  to 
those  planes,  and  parallel  to  a  third  plane  which  is  perpendicular 
to  the  pair  of  planes,  those  stresses  must  be  of  equal  intensity.'' 

Let  Fig.  142  represent  the  cross-section  of  a  right  prism  of  any 
length,  say  unity,  so  that  the  area  ABCD  is  equivalent  to  the 
volume,  and  the  lines  AB,  CD^  AD,  and  BO  Are  equivalent  to  the 
areas  of  the  bounding  surfaces.    Then  if  p^  is  the  intensity  of  the 

shear  or  tangential  stress  on  AB  and  CD,  and 
planes  parallel  to  them ;  and  p^  the  intensity  of 
the  shear  on  planes  AD,  CB,  and  planes  paral- 
lel to  them  (see  Fig.  142), — ^the  total  shears 
are  p^  X  AB,  and  p^  x  AD.  These  with  the 
equal  forces  on  the  areas  CD  and  BC  form 
Fig.  142.  couples  whose  lever-arms  are  FF  and  HG,  re- 

spectively. Hence  the  moments  of  these  forces  are  +p^AB  X  EF 
and  —  p^AD  X  HOy  right  and  left  handed,  respectively.  Hence 
p,AB  X  EF=  p^AD  X  HG.  But  the  products  AB  xEF-AD  X  GH 
are  both  equal  to  the  volume  of  the  prism. 

•••A=P. (151) 

Eq.  151  shows  that  a  shear  upon  a  given  plane  cannot  exist 
alone  as  a  single  stress,  but  must  be  combined  with  a  shear  of  equal 
intensity  on  another  plane.  The  tendency  of  such  a  pair  of  shear- 
ing stresses  on  the  prism  tends  to  distort  it,  lengthening  one  diag- 
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ODal  and  shortening  the  otner,  as  seen  in  Fig.  142.  (See  Rankine^a 
Applied  Mechanics^  page  88.) 

Again^  we  have  seen  that  the  coefficient  of  elasticity  simply  ex- 
presses the  ratio  between  stress  and  strain. 

The  characteristic  strain  caused  by  a  pull  or  tensile  force  is  an 
increase  in  that  linear  dimension  of  a  body  in  the  direction  of  the 

external  force,  or  JE  =j,  p  being  the  intensity  of  the  force,  I  the 

increase  per  unit  of  length,  and  £  the  coefficient  of  elasticity  for 
tension. 

The  characteristic  strain  for  a  compressive  force  is  a  decrease 
in  that  linear  dimension  of  the  body  in  the  direction  of  the  ex- 
ternal force.  Then  E^  =  ;  >  the  terms  having  the  corresponding 
meaning  as  above.    It  is  usual  to  assume 


E:=jE, 


(152) 


327.  The  characteristic  strain  of  a  shearing  force  is  distortion, 
as  seen  in  Fig.  143.  Let  ABCD  represent  one  face  of  a  prism, 
another  face  being  fixed  along  AD.  If  a  shear 
acts  in  the  face  BC  perpendicular  to  ABCD,  all 
layers  of  the  prism  parallel  to  the  plane  of  the 
shearing  force  ^(7  will  tend  to  slide  over  each 
other,  the  faces  AB  and  DC  taking  the  position 
AE  and  DF,  The  distortion  or  strain  per  unit 
of  length  will  be  measured  by  the  angle  0  be- 
tween the  old  and  new  position  of  the  faces.  If 
0  is  small^  we  can  use  indifferently  0,,  sin  0,  or 
tang  0. 


*.=$• 


(153) 


Fig.  14a 


p^  =  the  intensity  of  shear,  0  =  the  strain,  and  E^  =  the  coefficient 
of  elasticity  for  shearing.  As  has  been  stated,  there  are  certain 
limits  of  stress  within  which  eqs.  (151),  (152),  (153)  are  true,  but 
not  true  beyond.    This  limit  is  called  the  limit  of  elasticity. 

328.  If  a  body  or  a  beam  be  subjected  to  tension  or  compression, 
as  when  acted  upon  by  external  forces  orloads,  all  of  its  oblique  sec- 
tions, such  as  aa^,  JJ, ,  etc..  Fig.  144,  will  have  a  tendency  to  slide 
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}80  BEsiBiAtrcBa  to  bbea.b. 

)T«r  eaoh  other,  caused  by  the  action  of  the  tangential  oomponents 
^  ^  of  tlie  direct  gtresees.     (See  Fig.  144.) 

-        If  the  direct  stress  is  tensile,  the  ten- 
■^  deney  of  the  tangential  or  shearing 

_L  Btreeses  is  to  reduce  the  areas  of  the 
original  or  normal  cross  -  sectionB, 
thereby  reducing  correspondingly  its 
[wwer  of  resiBtance  to  the  external  forces  acting  on  £(7  and  AD- 
[f  the  direct  stress  is  compreesive  (the  external  forces  would  act 
inwards  towards  the  body),  the  shears  will  be  in  the  opposite  direc- 
bion  to  those  in  the  case  of  direct  tension,  and  the  tendency  of  such 
jbears  will  be  to  increase  the  area  of  the  cTOss-sections,  thereby  in- 
Breasing  its  capacity  for  resistance  to  the  external  forces.  These 
ohanges  in  the  dimensions  of  the  cross-sectionH  of  a  body  are  called 
"lateral  strains,"  which  decrease  the  resistance  of  a  body  to  tearing 
and  increase  its  resistance  to  crushing.  The  effect  of  tbp  shearing 
stresses  is  to  cut  or  shear  the  beam  along  certain  oblique  cross- 
sections.  The  beam  must  then  have  sufficient  area  to  bear  this  strain 
as  well  as  ^hat  arising  from  the  direct  pulls  or  thrusts.  But  this 
strain  in  a  beam  is  always  greatest  where  the  bending  moment  is 
least,  and  becomes  zero  or  nothing  where  the  bending  moment  is 
greatest;  and  for  thia  reason  in  beams  of  ordinary  length  it  is  uot 
necessary  to  add  any  material  to  the  beam  aboye  that  usually 
required  for  i-esistance  to  bending.  The  subject  of  the  value  and 
magnitude  of  shearing  strains  is  of  the  greatest  importance  in 
trussed  bridges,  but  is  of  little  moment  for  ordinary  beams,  as  the 
thickness  of  the  web  will  always  from  necessity  be  sufficient  to 
resist  the  shearing  stresses  tn  flanged  beams,  and  in  solid  or  hollow 
beams  there  will  generally  be  a  considerable  excess  of  material. 
The  resistance  of  either  wrought  or  cast  iron  to  shearing  may  be 
taken  as  practically  the  same  or  a  little  less  than  their  resistance  to 
tearing,  say  from  1  to  },  and  the  same  for  steel;  or  for  wronght  iron 
i  of  50,000  lbs.  =  37,500  lbs.,  for  cast  irop  j  of  20,000  =  15,000 
lbs.,  and  for  steel  i  of  80,000  =  60,000  lbs.,  per  square  inch. 

The  shearing  resistance  espeoially  of  timber  varies  considerably, 
not  only  in  dilTerent  timbers,  but  also  in  the  same  timbers  accord- 
ing as  it  acts  along  the  grain  or  fibre  or  across  it.  t^pecial  applica- 
tions will  be  made  in  another  article  to  beams  of  different  material. 
(See  Burr's  Resistance  of  Materials.) 
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SS9.  We  haTe  seen  that  the  intensities  of  the  shears  on  a  pair  of 
planes  at  right  angles  to  each  other,  and  to  the  plane  parallel  to 
which  the  stresses  act,  must  be  equal  to  each  other.  If,  therefore^ 
we  wish  to  find  the  intensity  of  the  ver- 
tical shearing  stress  at  a  given  point  in 
a  vertical  section  of  a  beam,  it  is  only 
necessary  to  find  the  horizontal  shearing 
stress  at  the  same  point.     That  the  latter  *^®'  ^^ 

stress  exists  can  readily  be  seen  by  placing  a  series  of  planks  the 
one  on  the  top  of  the  other,  forming  an  unbolted  built  beam.  When 
loaded  these  layers  slide  on  each  other.  In  Fig.  145  let  AEB  be  a 
a  vertical  section  and  E  a  point  in  that  section,  and  let  DFC  be 
another  plane  near  and  parallel  to  AEB.  As  in  a  beam,  the  bend- 
ing moments  are  different  at  these  two  sections.  If  supported  at 
both  ends,  it  will  be  greater  at  AEB]  therefore  the  direct  stress 
(compressive  in  Fig.  145  on  AE)  is  greater  than  on  the  correspond- 
ing portion  of  the  section  DF,  This  excess  is  a  horizontal  force 
acting  on  the  small  prism  AEFDy  and  as  equilibrium  is  assumed 
the  resistance  to  sliding  or  shearing  along  the  plane  FE  must  be 
equal  and  opposite  to  this  horizontal  excess.  It  is  clear  that  the 
shearing  stress  is  zero  at  the  upper  and  lower  surfaces  of  the  beam, 
since  the  entire  direct  stress  on  each  cross:section  is  zero;  and  it  is 
also  clear  that  the  shearing  stress  in  the  vertical  layer  between  the 
sections  AEB  and  DFC  is  greatest  at  CB  in  the  neutral  surface 
oo„  at  which  point  the  direct  stress  changes  from  a  compressive  to 
a  tensile  force,  for  at  that  surface  the  horizontal  force  is  a  maximum 
and  develops  a  maximum  resistance  to  shearing. 

To  Express  these  Relations  and  Results  in  Symbols. — In  Fig. 
145  let  X  =  distance  of  the  section  AEB  from  the  centre  of  the 

beam  O,  y  vertical  or  perpendicular  to  x,  and  z  hori- 
zontal and  normal  to  the  plane  Xy  y.  The  limiting 
value  of  X  is  the  length  of  the  beam,  of  y  its  depth, 
and  of  z  the  varying  breadth  of  the  beam.  The 
beam  is  supposed  to  be  of  uniform  cross-section  (see 
Fig.  146).  As  we  have  seen  in  Art.  XXXII,  Eq. 
(134)  the  general  expression  for  the  moment  of  resistance  to 
bending  is 


^  =  f, (154) 


FORMULA  AND  DISCUSSION. 


ia  which  p  is  the  intensity  of  the  direct  horisontal  stress  at  auy 
point  E  distuit  y  from  the  nentral  axis.  The  elemental;  area  at 
£  =  idy,  stress  (compression  in  thiu  case)  on  this  area  =pzdt/.  The 
total  stress  on 


EA 


=  Jpzdy, 


y,  being  the  distance  from  B  io  A,  and  y  from  B  to  E.    From 
equation  (154) 


Hence  total  direct  stress  on 

AE=jJ^yzdy. (155) 

Since  the  horizontal  excess  of  the  direct  BtresB  on  AE  over  that 
on  DF  is  the  force  that  develops  and  is  equal  and  opposed  to  the 
reaietauce  to  sliding  or  shearing  required,  and  as  this  excess  arises 
from  the  difference  between  the  bending  moments  at  the  sections 
AEB  and  DFC,  Min  eq.  (154)  is  the  difference  of  the  momente 
of  flexure  or  bending;  and  as  these  sections  are  distant  from  each 
other  by  dz,  and  if  S  is  the  amonnt  of  shearing  force  at  the  ver- 
tical layer,  then  if  =  8dx,  and  eq.  (155)  becomes 

_«^«,. ......  „,„ 


of  the  plan< 


and  this  divided  by  the  area  of  the  plane  FI!=xdx.    The  intensity 
of  the  shearing  stress 

ff  =  'j-J  y^dy; (157) 

and  for  its  maximnm  valtte  i  =  z,  at  the  nentral  surface  oo;  and 
the  intensity 


The  same  results  are  obtained  for  that  portion  of  the  beam 
below  the  neutral  surface  where  the  direct  stress  is  tensile  for 
beams  supported  at  both  ends.     The  complete  integral  for  the 
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whole  section  =  0,  as  y  is  measured  from  the  neutral  axis  whieh 
passes  through  the  centre  of  gravity  of  the  section.  If  A  is  the 
total  area  of  the  cross-section  of  the  beam  =zfzdy,  the  mean  inten- 

sit  J  of  the  shearing  stress  9^=  -j;  and  if  the  maximum  intensity  is 

q^,  we  have '- =-  =  —^  =  ^V  as  the  ratio  in  which  the 

'•  q^  o/A        o 

maximum  intensity  exceeds  the  mean — a  ratio  depending  entirely 

on  the  form  of  the  cross-section.    Substituting  the  value  of  q^,  we 

have 


A    p" 


^^  =  ^  /  tf'^^y (159) 


For  a  solid  rectangular  beam  breadth  b  and  depth  d, 

A  =  bd,    I=rfgbd*,    z^  =  b,    z  =  b,    y,  =  irf; 
then  the  ratio 

For  an  ellipse  the  ratio  is  \,  and  similarly  it  can  be  found  for  other 
forms  of  cross-section.  (See  Bankine's  Applied  Mechanics^  pages 
338,  339,  340.) 

Mr.  Burr,  on  page  121^  Besistance  of  Materials,  gives  the  same 
ratio  as  equation  (160).  It  means  that  the  greatest  intensity  of 
the  shear  is  one  and  a  half  times  as  great  as  the  mean  intensity,  is 
found  at  the  neutral  axis,  and  is  expressed  by 

3  F 

^.=22-5 ^^«i> 

On  pages  204  and  206  the  following  principles  and  conditious 
are  enunciated : 

''At  the  neutral  surface  there  are  two  planes  on  which  the  stress 
is  wholly  normal,  and  these  planes  make  angles  of  45 ""  with  the 
neutral  surface,  or  90°  with  each  other  (i.e.,  they  are  principal 
planes) : 

P=±T,=  ±  -^, (162) 
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iiLbeing  the  weight  at  the  end  of  the  beam,  /the  momeDt  of  iner- 
tia of  the  oross-section,  and  d  the  half  depth  of  the  beam. 

"Hence,  from  equation  (163),  each  of  these  normal  or  principal 
stresses  equals  in  intensity  that  of  the  longitudinal  or  traoBTerse 
shear  at  the  neutral  surface;  also,  one  of  these  principal  stresses  is 
a  tension  and  the  other  a  compression. 

"  Hence  at  the  exterior  surfaces  of  the  beam  the  planes  of 
greatest  shear  make  angles  of  45°  with  the  axis  of  the  beam,  and 
the  intensity  of  the  shear  is  half  that  of  the  direct  streas  at  the 
same  place; 

^=±^=±fi a«') 

at  the  neutral  earface. 


T=±-^  =  T,;      (164) 

and  the  planes  of  greatest  shear  are  the  transyerse  and  longitndinal 
planes,  and  the  greatest  shear  itself  is  conseqaently  the  transverse 
or  longitudinal  shear." 

TO  DBIERUINE  THE  THICKNESS  OP  THE  TCEB. 

830.  Referring  to  equations  (161)  and  (163)  and  the  dednctions 
from'  them,  we  can  use  the  following  approximate  method  of  de- 
termining  the  thickneee  of  the  web-plate  in  flanged  beams  (see 
Burr's  Resistance  of  Materials).  The  common  practice  in  flanged 
beams  is  to  consider  that  the  flanges  resist  the  entire  bending  mo- 
ment and  that  the  web  resists  the  entire  shearing  foi-ce.  This  is 
practically  true,  and  the  assumption  involves  no  serious  error. 

It  is  further  generally  assumed  that  the  intensity  of  the  shear 
is  uniform  throughout  the  area  of  the  transverse  section  of  the 
web.  Equations  (160)  and  (161)  show  that  this  assumption  will 
make  the  shear  too  large  at  the  top  and  bottom  portions  of  the 
section  and  only  two  thirds  of  its  proper  value  at  the  centre  or 
neutral  axis. 

If,  then,  we  suppose  that  the  web  is  composed  of  short  colnmns 
with  fixed  ende  and  rectangular  cross-sections,  whose  axes  make  an 
angle  of  45°  with  the  neutral  surface,  one  assumption  is  an  error 
on  the  side  of  danger,  as  it  makes  the  shear  only  two  thirds  of  its 
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actual  value;  while  the  other,  in  making  the  shear  at  the  top  and 
bottom  surfaces  eqnal  to  the  mean  intensity  instead  of  zero,  is  on 
the  side  of  safety.  This  latter  influence  largely  exceeds  that  of  the 
former,  and  the  resultant  error  is  on  the  side  of  safety. 

If,  then,  in  rolled  beams,  d  =  total  depth  and  /,  =  thickness  of 
one  flange,  and  I  =  length  of  thesQ  elementary  columns, 

Z  =  (rf  -  2^,)  sec.  45°  =  1.414(d  -  2t,); 

and  in  built  beams,  it  d  =  the  depth  between  centres  of  rivet-holes, 
I  =  1.414(2.     Then  if  /S  =  total  shear  at  any  section,  A  =  area  of 

section,  8  =  mean  intensity  =  ^i  ^  will  be  the  intensity  of  compres- 
sion on  the  small  columns;  and  if  t  is  the  thickness  of  the  web  or 
least  side  of  column,  Gordon's  formulsB, 

f  f 

p  =  — "^^f    becomes    8  = =— = — ; 


\  +  a^  1  + 


(T  '  3000^ 


Or,  making/ =  \  of  40,000  for  a  safe  value, 

<  =  0.0183/a/ ^— (166) 

V  8000  -  «  ^    ^ 

«  =  TflW  applies  only  to  wrought  iron.  If  the  depth  of  the 
beam  is  constant,  it  is  only  necessary  to  find  t  where  8  is  the  great- 
est, i.e.,  at  the  points  of  support. 

The  above  formulae  give  a  greater  thickness  than  is  actually 
used,  but  they  show  the  necessity  of  stiffness  near  the  ends  of  the 
beams.  The  web  should  never  be  less  than  \  in.  in  thickness  for 
any  beam.  The  resultant  error  would  lead  to  an  increase  in  the 
value  of  t'j  and  in  addition  there  exists  an  equal  tension  at  right 
angles  to  the  greatest  compression  in  the  material  of  the  web,  as 
seen  in  equation  (162),  which  gives  support  to  the  elementary  col- 
nmns  throughout  their  entire  lengths. 

Three  quarters  of  the  thickness  given  by  the  formulae  would  be 
ample. 


SS6  PRACTICAL  DEDXIOTIONa 

331.  The  practical  dednctiona  from  all  of  the  foregoing  prin- 
oiples  and  formiilaa  are  that  in  solid  rectangnlar  beams  there  is 
always  a  saffioiencj  and  more  of  material  to  resist  the  shearing 
forces  when  the  resistance  to  the  mazimnm  bending  moment  is 
provided  for;  that  where,  as  ia  timber  beams,  it  is  conTenient 
and  economical  to  use  solid  beaqie,  in  iron  beams,  whether  cast  as 
in  cost  iron,  rolled  as  in  wrought  iron  and  steel,  or  built  as  in 
plate-girders  of  plates  and  angle-irons,  the  conditions  of  strength 
are  satisfied  and  economy  of  material  is  practised  by  making 
the  flanges  of  sufficient  dimensions  to  resist  the  bending  moments, 
and  only  using  enough  material  in  the  web-plates  toresist  the 
shearing  alone,  such  as  the  Ph«enix,  box,  inverted  T,  or  double  I 
sections;  and  further,  that  where  the  spans  ore  long  the  solid 
web  can  be  dispensed  with  and  a  system  of  struts  and  ties  forming 
an  open  web  system  between  the  flanges  or  chords  can  be  used, 
which  resist  the  shearing  action  by  direct  stresses  of  compression 
or  tension  in  the  direction  of  their  longitudinal  axes. 

Although  many  actual  conditions  are  unknown  and  many  as- 
sumptions made,  the  combined  results  of  theoretical  investigations 
and  experiments  enable  us  to  build  safely,  and  with  a  fair  degree  of 
economy  in  both  material  and  workmanship. 

332.  Short  columns  also  give  way  under  a  direct  crashing  force 
by  sliding  or  shearing  along  oblique  surfaces  which  make  angles 
approaching  45°  with  the  direction  of  the  crushing  force.  Theo- 
retically, the  greatest  intensity  of  shearing  stress  is  on  planes 
making  angles  of  45°,  and  the  deviation  of  these  planes  from  that 
angle  shows  that  resistance  to  shearing  is  not  purely  a  cohesive 
force,  but  consists  partly  of  u  force  analogous  to  friction.  Crushing 
by  shearing  or  sliding  is  characteristic  of  granular  substances,  such 
as  cast  iron,  stone,  and  brick,  and  occurs  in  those  substances  whose 
resistance  to  crushing  is  much  greater  than  that  to  tearing, 

SHEABIKO   STRESS  ON    RIVETS  AND   BOLTa 

333.  Rivets  ore  short  pieces  or  bolts  of  wronght  iron  or  steel 
which  are  used  to  connect  thin  plates  together  so  as  to  enable  them 
to  resist  a  direct  compressive  or  tensile  strain,  the  stress  being 
transmitted  from  one  plate  to  another  through  the  livets,  which 
are  thereby  subjected  to  a  shearing  force  In  a  plane  normal  to  their 
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longitadinal  axis.  In  order  that  the  shearing  force  may  be  uni- 
formly distributed  oyer  the  area  of  the  transverse  section  of  the 
rivet  it  is  evident  that  it  mast  fit  the  rivet-hole  so  perfectly  that  the 
friction  at  its  surfaces  must  be  at  least  equal  to  the  intensity  of  the 
shearing  stress.  For  this  reason  rivets  must  be  inserted  when 
intensely  heated ,  and  a  head  formed  under  repeated  and  hard  blows 
or  by  a  heavy  pressure^  so  that  the  rivets  not  only  fit  perfectly  the 
holes,  but  at  the  same  time  draw  the  plates  close  together.  The 
heads  should  be  formed  at  right  angles  to  the  axis  of  the  rivets,  and 
shonld  bear  squarely  and  fully  against  the  plates.  If  rivets  are 
loose,  the  shearing  stress  is  not  uniformly  distributed  over  their 
areas,  will  be  nothing  at  certain  parts  of  their  external  surfaces,  and 
the  most  intense  shearing  stress  will  be  much  greater  than  the  mean 
stress. 

It  is  possible  only  approximately  to  determine  the  distribution 
of  stress  in  a  riveted  joint,  hence  the  amount  of  stress  carried  by  a 
rivet,  cover-plate,  or  main-plates  cannot  be  found  exactly.  The 
following    figures,    147-151,  show    the    ordinary   riveted    joints. 


c 


Fig.  147.        Fig.  148. 


Fig.  149. 
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Fig.  150.         Fig.  151. 
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These  are  commonly  used  in  members  under  a  tensile  strain.  Fig. 
147  is  a  single-riveted  "  lap- joint.''  Fig.  148  is  a  double-riveted  "lap- 
joint/*  Fig.  149  is  a  single-riveted  "  butt-joint ''  with  cover-plate. 
Fig.  150  is  a  single-riveted  "butt-joint''  with  two  cover-plates. 
Fig.  151  is  a  double-riveted  *' butt-joint"  with  two  cover-plates; 
the  upper  half  shows  zigzag  riveting  and  lower  half  chain  riveting. 
In  all  of  these  joints  the  main-plates  are  single.     Two  or  three 
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thicknesseB  are  ofteii  uBed:  in  such  cases  the  overlap  mast  be 
longer,  as  well  sa  the  cover-plates  if  used,  so  as  to  increase  the 
number  or  diameter  of  the  rivets  in  proportion  to  the  increased 
stress  to  be  transmitted.  When  two  or  more  rows  of  rivets  are 
used,  the  outside  rows  have  to  bear  a  larger  portion  of  the  stress, 
and  may  have  to  sustain  it  all,  in  consequence  of  the  stretching  of 
the  material  at  the  joint.  It  is  seen  in  Figs.  147  and  148  that 
the  stresses  on  the  plates  form  a  couple,  whose  lever-arm  is  usually 
equal  to  one  half  the  sum  of  the  thicknesses  of  the  plate.  Hence, 
calling  T  the  mean  intensity  of  the  tension  on  one  plate,  ( its  thick- 
ness, and  T,  the  mean  intensity  on  the  other  plate  and  t,  its 
thickness,  also  p  the  pitch  of  the  rivets  and  d  their  diameter,  the 
area  of  metal  between  rivet-holes  =  t(p  ~  <l),  tension    on    this 

area'=  Ti{p  —  d),  its  lever-arm  =  — ^— ' ,  and  its  moment 

=  >I=THp-d)'^-±h)=TfAp-d)l^-±h).    .    (16T> 

The  resultant  stress  can  be  made  to  pass  through  the  centre'of 
the  joint.  In  this  case  the  lever-arms  are  ^  and  5,  respectively,  in 
which  case  the  moment 


=  «'(^)  = 


■■  y.'.'l^V-)-   •    •     ■     (168) 
The  bending  moment  on  the  plate  is  M,  - 

rupture,  r  =  4^   .Vin  eqs.  (167),  (168)  =  3/..   .:  f=~  =  ^  = 

the  greatest  intensity  of  tensile  strain  due  to  bending,  or  ultimate 
greatest  tension  in  the  plates  is  7"  + /or  ?*,+/.  The  moment 
oi  \r\f:Ti\B.  1  =  ^{p  —  d)t'  or  -^{p  —  d)t* .  Substituting  the  values 
of  1  and  ^ from  equation  (167),  we  have  f=6T,  and  3/ from  equa- 
tion (168),  we  have/=37'.  These  valnes  of  the  tensile  bending 
stress  are  OTily  true  within  the  elastic  limit,  and  within  that  limit 
the  greatest  intensity  of  tension  in  the  plates  may  reach  four  to  six 
times  the  direct  tension  T. 

The  rivets  themselves  are  liable  to  a  great  bending  action, 
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especially  in  the  single  lap  and  bntt  joint  with  a  single  coyer-plate 
(Figs.  147-9).    An  approximate  equation  for  this  action,  and  the  re- 

fl 
sistance,  can  be  readily  found.    The  general  value  M=''—  gives 

for  a  circular  cross-section  (see  par.  322)  /=  -^7-,  y  =  i^;   hence 

o4 

^=^r' <^«^> 

in  which  /  is  the  modulus  of  rupture  or  greatest  intensity  of  ten- 
sion or  compression  on  the  rivet  due  to  the  bending  action,  and 
d  equals  diameter  of  rivet.  If  there  are  n  rows  of  rivets  on  each 
side  of  the  joint,  then 

M^"^^ (170) 

Substituting  for  M  its  value  in  equation  (167),  and  solving  with 
respect  to/,  we  have 

«(p-^^  =  ^,/  =  16?V(p-rf)<^.    (171) 
If  ^  =  ^j,  then 

f=  ^^^'(^ <i^^> 

These  formulsB  are  merely  given  as  showing  the  general  line  of 
theoretical  investigation,  and  can  be  of  but  little  practical  value. 
The  actual  bending  moment  after  a  slight  deflection  of  the  rivet  is 
much  less  than  M  in  equation  (170).  After  a  distortion  of  the  joint 
by  the  bending  of  the  plates  and  rivets  a  strain  of  direct  tension 
is  developed. 

There  is  also  a  very  large  intensity  of  pressure  exerted  between 
the  rivet  and,  the  walls  of  the  hole.  This  pressure  is  not  distrib- 
uted uniformly  over  the  entire  surface  of  contact,  but  has  its 
greatest  intensity  on  those  portions  of  the  surface  adjacent  to  the 
ends  of  that  diameter  parallel  to  the  direction  of  the  stress  on  the 
plates.  This  greatest  intensity  may  equal  the  crushing  resistance  of 
the  material  over  a  large  part  of  the  surfaces  of  contact.  The  exact 
distribution  of  this  pressure  cannot  be  determined.    The  bending 
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of  the  rivet  tends  to  iucreaee  the  intensity  of  the  preaeitre  near  the 
surface  of  contact  betweeu  the  plates,  and  this  combined  vith  bad 
fitting  of  the  rivet  in  the  holes  causes  the  intensity  of  the  press- 
ure to  vary,  both  along  the  axis  and  on  the  circumference  of  the 
rivet.  But  assuming  the  pressure  to  be  distributed  over  an  area 
found  by  multiplying  the  diameter  of  the  rivet  by  the  thickness  of 
the  plate  equal  df,  and  /  a  mean  resistance  to  the  preasnre  on  the 
surface,  the  total  bearing  resistance  R  of  one  rivet  gives 

R  =fdt. (173) 

This  equation  will  be  freqnently  nsed  in  another  article. 

EFFECTS  op   PUNCHING. 

334.  Punching  rivet-holes  in  both  wrought  iron  and  steel  plates 
is  injurious.  The  tensile  resistance  of  the  remaining  material  will 
be  diminished.  This  injurious  effect  can  be  removed  by  reaming 
the  hole,  increasing  the  diameter  by  i  inch.  The  loss  of  tensile 
resistance  in  wrought  iron  caused  by  punching  averages  from  10 
to  15  per  cent  of  its  original  resistance.  Mr.  Bnrr  (on  page  338, 
Resistance  of  Materials)  quotes  the  following  concloeions  of  Mr. 
Hill: 

That  the  order  of  strength  for  holes  made  in  steel  plates  is :  1st, 
the  reamed  hole;  2d,  the  drilled;  3d,  the  punched  and  annealed; 
and,  lastly,  the  cold-punched.  The  injurious  effect  of  punching 
can  be  entirely  removed  by  enlarging  the  hole  with  either  drill 
or  reamer,  the  extent  of  this  increase  of  diameter  of  hole  varying 
with  thickness  of  plate  and  grade  of  steel.  Restoring  strength 
and  ductility  by  annealing  is  not  recommended  for  bridge  work, 
and  in  addition  punching  and  reaming  is  more  economical  than 
punching  and  annexing.  And  od  page  313  it  is  stated  that  both 
the  elastic  limit  and  ultimate  resistance  in  mild-steel  plates  in- 
crease as  the  thickness  decreases,  and  that  the  process  of  annealing 
decreases  both  elastic  limit  and  resistance,  but  increases  the  ductil- 
ity of  the  material. 

335.  B«taming  to  the  subject  of  rivets  and  riveted  joints; 
Let  t  =  thickness  of  plates; 

d  =  diameter  of  rivets; 
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p  =  pitch  of  rivets  (i.e.,  distance  centre  to  centre  in  one  row); 

T=  mean  intensity  of  tension  in  plates  between  rivets; 
T^  =  mean  intensity  of  tension  in  main-plates; 

/=  mean  intensity  of  pressure  on  area  =  dt; 

8  =  mean  intensity  of  shear  in  rivets; 

n  -  number  of  rivets  in  one  main-plate; 

r  =  number  of  rows  in  one  main-plate; 

h  ^  distance  from  outside  rivet  centre  and  edge  of  cover-plate 
in  direction  of  tensile  stress. 
Let  T,  2^„  /,  and  S  be  pounds  per  square  inch.    The  thickness 
t  depends  upon  the  stress  to  be  carried  after  allowing  for  loss  of 
metal  in  holes,  and  the  effects  of  punching. 

Then,  as  readily  seen  from  Fig.  152,  we  have  the  following 
relations: 

or 

T"     p      —  p'     ^       '  Fig.  152. 

and  for  equal  strength  of  joint  in  every  direction  tlie  following 
must  be  fulfilled : 

^^T,pt^jTt(p^d)^nfdt^'^n8.    .    •    (174) 

7td^ 

nfdt  is  the  bearing  pressure  of  the  rivets  on  the  plate;  -^nS  is 

the  shearing  resistance  of  all  n  rivets;  -  Tpt  is  the  total  tensile 

stress  on  the  entire  plate,  —  being  the  number  of  rivets  in  one  row, 
or  the  number  of  divisions^.    From  equation  (174)  we  have 

7rd* 
TJp  =  Tl{p  -  rf)  =  rfdi  =  -j-r8{  =  O.lS^ird'S).     (175) 

It  may  not  be  possible  to  make  all  of  these  expreeeions  equal  in  any 
joint,  but  T,  T^ ,  /,  8y  should  not  exceed  perfectly  safe  working 
loads. 
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The  diameter  d  is  generally  ezpreaaed  in  termB  of  the  tbicknesB 
of  the  plates  t.  From  equation  (175)  we  can  find  either  d  or  p 
when  other  terms  are  known. 

d  varies  from  1.5  to  3  times  i;  p  variee  from  3  to  2.T5d;       1 
For  7=  45,000to50,0001ba.,  7",  =  45,000  to  40,000  lbs.;       I    .       . 
"    /  =  55,000  to  60,000  "       /=  55,000  to  50,000    "  t^       ' 


>,000    "  t  ^ 

tes  i  to  f  in.  J 


?  =  40,000 to  45,000  "      5=  O.STforplates 

/varies  from  1.33  to  1.42'. 

All  of  these  results  are  for  Biugle-rireted  wronght-iroD  lap- 
joints. 


POH   DOUBLE-BITBTED    LAP-JOINTS. 

/  can  be  taken  =  1.1  to  1.25T;  p  =  3.25  to  4.0d;  the  smaller 
values  for  thick  plates  and  the  larger  for  thin  ones. 

For  1-in.  plates,  T  =  30,000  to  35,000  lbs.  per  aq.  in., 
«    ^  «        "        T=  50,000  to  55,000    "      "     "     " 

and  proportionately  for  intermediate  thicknesses. 

The  total  resistance  of  a  single-riveted  lap-joint,  when  the 
plates  are  not  over  i  in.  thick,  is  from  44  to  58  per  cent  of  that  of 
the  solid  plate,  and  for  the  double-riveted  lap-joint  about  60  per 
cent;  with  thick  plates,  as  1  in.,  from  33  to  36  per  cent.  Some 
experiments  have  shown  that  §-in.  plates  were  stronger  than  those 
^\  to  i  in,  thick.  The  above  apply  also  to  butt-joints  in  wrought 
iron  with  single  cover-plate.  The  cover-plate  is  of  the  same  thick- 
ness as  the  main  plates.     It  will  be  safe  to  make  A  =  id. 

In  chain -riveting  the  distance  between  centre  line  of  rows  of 
rivets  may  be  taken  equal  to  the  pitch  in  a  single-riveted  joint,  or 
about  =  2.5d;  and  for  zigzag  riveting  at  }  of  its  value  for  chain 
riveting, 

336.  For  steel  lap-joints  the  relations  are  similar  in  their  gen- 
eral relations  to  those  of  wrought  iron.  With  T=  65,000  to  75,000 
lbs.  per  aq.  in., /may  be  taken  =  1.27".  For  thin  plates  i  to  |  in. 
thick,  T  =  70,000  lbs.  and  /  =  1.2r,  we  find  p  =  2.25rf  for  single- 
riveted  lap-joints..  For  very  thick  plates  T=  50000  to  55000  lbs. 
For  double-riveted  steel  lap-joints,  with  same  values  of  /  and  T, 
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p  =  3.5rf.     In  the  above  the  number  of  rows  r  =  2.    For  r  =  3, 
f^T  for  thin  plates  and  0.9  T  tor  thick  plates. 

For  thin  plates,  i  to  f  in.,  jp  =  4e?;     >  .      . 

"    thick    '^      J"l"    i[>  =  3.7flf.  )       '    '     ^      ' 

For  ordinary  plates  in  single  and  double  riveting,  with  /  = 
1.2!rand  S  =  0.757;  equation  (175)  gives 

d=:2t (178) 

For  thick. plates  in  treble  and  quadruple  riveting,/  =  0.9 T  and 
fif=  0.757; 

d  =  1.6/,  nearly (179) 

The  rivet  pitch  for  steel  plates  vary,  then,  from  1.6  to  2  /  for 
thick  and  thin  plates,  respectively,  and  maximum  diameter  of  1^^ 
to  1^  in. 

Strength  of  joints  for  single-riveted  lap 55  to  64  per  cent. 

"  «     "       "    double-riveted " 65  ''  75    "     " 

"  "     '*      '*   treble  or  quadruple  lap 70  "  80  per  cent, 

of  the  resistance  of  solid  plates.  Distance  between  rows  of  rivets 
*  and  the  overlap  h  same  as  for  wrought  iron.  All  rivets  have  been 
assumed  to  be  made  of  steel  in  the  preceding  remarks.  For  steel 
plate  with  iron  rivets  we  may  take  /S,  =  0.9S,f  =  T  for  thin  plates 
or  O.ST  for  very  thick  plates.  These  values  inserted  in  the  pre- 
ceding formulsB  for  steel  joints  and  rivets  will  give  corresponding 
values  fori?  and  d. 


WROUQHT-IRON  BUTT-JOINTS  WITH  DOUBLE  00VBK-PLATE8. 

387.  In  these  joints  the  rivets  are  in  double  shear,  and  there  is  no 

bending  action  on  the  main  plates;  but  the  cover-plates  are  subjected 

to  a  greater  flexure  than  the  plates  of  lap-joints.     These  should 

then  be  made  thick  enough  to  resist  this  bending.    Each  cover-plate 

should  be  from  three-quarters  to  seven-eights  that  of  the  main 
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plates,  or  their  combined  thickneas  from  1.5  to  1.75  that  of  the  mun 
plates.     Equations  (174)  and  (175)  then  become 

\T,  =  ~n(p  -d)  =  n/dt=:  1.5708nd'5; 

.-.  tpT,  =  nip  -d)=  rfdt     =  1.5708rd'5. .    .     (180) 

/  =  1.25  for  thin  plates  to  1.5  J",  or  a  mean  valae  I.4r,  ae  no  bend- 
ing action  exists  in  main  plates.  This  value  is  the  same  for  single 
or  double  riveting.     For  single-riveting  equation  (180)  gives 

p  =  2.5.^  (nearly) (181) 

In  donble-riveting, 

r  =  2j    p  =  4.0rf  (nearly) (182) 

For  punched  1-in.  plates,  T  =  40,000  lbs.  per  eq.  in. ; 
"    drilled     i"       "      r=55/)00  "     «    «    « 

5'  =  0. 7S  T.    For  thin  plates, 

d  =  \.Zt;   /=l.6T; (183) 

For  thick  plates, 

d  =  l.it;    /=  1.257; (184) 

The  smaller  rivets  for  J-in,  plate  =  |  diam.  The  larger  rlTets 
for  1-in.  plate  =  1^  diameter. 

Sieel  Butt-joints  with  Double  Cover-plates. — Taking  T  =  70,000 
to  75,000  lbs.  per  square  inch  for  thin  plates  and  55,000  to  60,000 
lbs.  for  thick  plates,  and  /=  1,25,  r  =  2,  eqnation  (180)  gives  for 
double-riveted  joints  with  two  cover-platea. 

p  =  3.5(/, (185) 

and  for  single-riveted  with  two  covers 

p  =  %.bd (186) 

S  =  0.77",  and  /=  1.25r ;  d  =  1.14/,  or  better,  for  thin  plates 
d  =  lit,  and  for  thick  plates 

d=W (187) 
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The  Bingle-riveted  joint  should  give  60  to  65  per  cent,  and 
the  doable-riveted  65  to  75  per  cent  of  the  resistance  of  the 
solid  plate. 

All  steel  plates  are  drilled  or  annealed  if  punched. 

There  seems  to  be  some  advantage  in  favor  of  the  chain- 
riveting  over  the  zigzag. 

Sivets  in  drilled  holes  have  less  resistance  to  shearing  than  in 
punched  holes^  the  edges  in  the  former  being  sharper  than  in  the 
latter. 

Machine-riveting  is  to  be  preferred  to  hand-riveting:  the  head 
is  more  quickly  formed  before  the  rivet  has  time  to  cool,  the  hole  is 
better  filled^  and  there  is  consequently  less  danger  of  loose  rivets. 


ART.  XXXV. 

DEFLECTION  OF  BEAMS. 

• 
338.  If  a  beam  is  straight  when  unloaded  it  becomes  curved 
when  loaded,  and  the  greatest  displacement  of  any  point  in  the  beam 
under  the  load  is  called  the  deflection.  The  ultimate  deflection 
is  that  which  takes  place  immediately  before  breaking.  The  proof- 
deflection  is  that  which  takes  place  under  the  greatest  load  that 
does  not  impair  the  strength  of  the  beam.  Until  the  load  exceeds 
the  proof -load  Ithe  deflection  is  very  nearly  proportional  to  the 
load,  but  beyond  the  proof  and  to  the  ultimate  breaking  load  the 
deflection  increases  in  a  greater  ratio,  and  irregularly,  so  that  it 
does  not  admit  of  exact  determination.    In  Fig.  153,  which  shows 


Fig-  158. 


a  part  of  a  beam  bent  under  the  load,  that  portion  of  the  neutral 
surface  between  any  two  radii  is  neither  lengthened  nor  shortened^ 
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but  that  portion  of  a  surface  cc, ,  between  the  aame  radii,  in  a 
beam  supported  at  both  ends,  is  lengthened  by  an  amonnt  a;  and 
as  ^  is  the  distance  between  the  two  eurfacea,  and  if  r  is  the 
radius  of  lurratnre  of  the  neutral  surface,  then  r  +  y  is  theradina 
of  the  surface  cc,.  If  we  call  the  length  of  the  neutral  enrlaoe 
ab  unity,  the  length  of  de  =  l  +  a;   hence  1: 1  +  a  :  :r:  r-f  yj 

,'.  r  =  2  or  -  =  - .     If  p  is  the  intensity  of  the  direct  Btress,  E  the 
a       r      t/  '^ 

coefficient  of  elasticity,  and  a  the  strain,  then  E=-,  and  "  =  p> 
henoei-*^.    Bat3f=^(8eeeq.  (139)); 


"  r      Ey      EV 


(188) 


The  reciprocal  of  r,  the  radius  of  curvature  (=  -l.isthe  curvft- 

ture.    When  the  quantity  ■^-  = —=-  varies  at  difFerent  points  of  the 

beam  the  curvature  -  varies   also.      For  the  point  of  mazimnm 
bending  and  p  =/,,  equation  (18S)  becomes 


J_^^      A    1  _  -3f  _  Jtf.    MI.  _    f   MI, 
'  Ey,  ~  El,  r~  EI~  EI,  M,I  ~  Ey,  IM, ' 


(189) 


The  latter  part  of  equation  (189)  results  from  multiplying  -^j.  by 
—J-  and  changing  the  position  of  the  terms.  If  Fig.  154  repre- 
sents a  portion  of  a  beam  supported  at  both  ends  and  83minietncallj 
loaded,  C  the  centre  of  the  span,  and  Fig.  155  a  beam  fixed  at  one 
end,  C  being  the  fixed  end.  Let  these  beams  he  so  fixed  or  supported 
that  at  the  point  C  the  neutral  surface  shall  be  horizontal.  Take 
the  tangent  at  0  to  the  neutral  surface  AGC  for  the  axis  of  x. 
The  length  of  the  cantilever  beam  {Fig.  155)  =  /  =  one  half  the 
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span  of  the  beam  (Fig.  154)  =  OB.  Let  GH-Xy  C  being  the 
origin  of  co-ordinates  in  both  figures;  and  let  GH  =  v  be  the  ordi- 
nate of  any  point  0  in  the  curve  AGO,  and  CD  =  AB  =  v,  be  the 


Fig.  154. 


Fig.  155. 


greatest  ordinate;  this  is  known  as  the  deflection.    The  inclination 
of  the  beam  at  any  point  G  can  be  found  from  the  expression 


.         .      dv 


(190> 


in  which  i  is  the  angle  of  inclination;  and  the  cnrratnre,  which  is 

the  rate  of  Tariation  of  the  inclination  in  a  given  length  of  beam, 

1       di 
is  expressed  by  —  =  -j-,  in  which  ds  is  the  elementary  arc.    But 

(?«*  =  dx*  +  dv*,  or 


da  =idxy 


1  + 


di 


^     ^  dx* 


.•    • 


(191) 


Practically  the  curvature  is  very  slight.    We  can  take  the  arc  for 

dv 
its  tangent,  the  slope  -^,and  ds  can  be  taken  as  sensibly  equal  to 

dx\  hence  slope 


.      dv      ■      -    1        di       d'v   ^, 

*  =  ^5    and    -=_  =  _,  the  curvature. 


(192) 


When  the  curvature  at  each  point  is  given  by  equation  (188) 
we  have,  from  equations  (192)  the  ordinate 


i^  =    /   idxy 


(193) 
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and  the  slope 


'-j:^ 


(194) 


and  for  the  greateet  slope  i,  at  A,  and  the  greatest  ordinate  or 
deflection,  v,  =  AB.  The  above  ezpreasiona  most  be  integrated 
between  the  limits  x  =  0  and  x  =  L 

Snbatitating  value  of  -from  eqnatioD  (189)  in  equation  (192) 

and  valne  of  i,  equation  (195),  in  equation  (193), 

In  equations  (195)and  (196)  jr^i^  a  ratio  depending  on  the  bend- 
ing moments  and  the  moments  of  inertia,  the  former  depending  on 
the  manner  of  loading  and  supporting  the  b^iam  and  the  latter 
upon  the  varying  form  of  croBs-section.    Then  we  can  place  the 

integral  in  equation  (195),  /  -rr^'i^  =  m"l;  and  in  equation  (196) 
"  -'-'  - — "P.      Then  the  equations   themselves   become. 


//- 


respectively, 

m"fl          ,             n"fr  „„^, 

»,  =  -er^,    and    r,  =  -=7^ (197) 

339.  For  beams  of  similar  cross-section  loaded  and  supported  in 
the  same  manner,  j/^  simply  varies  as  the  depth  of  the  beam  and  / 
ns  the  length;  hence  for  such  beam  the  greatest  slope  i  under  the 
proof-load  varies  directly  as  the  length  and  inversely  aa  the  depth, 
and  the  greatest  defection  under  the  proof-load  is  directly  as  the 
square  of  the  length  and  inversely  as  the  depth,  the  material  of 
which  the  beam  is  made  being  the  same,  so  that  the  modulus  of 
rupture  /  and  the  coefficient  of  elasticity  B  remain  the  same. 

In  ordinary  cases  the  beams  have  uniform  and  equal  cross-sec- 
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tions,  80  that  the  moments  of  inertia  at  all  sections  are  eqnal^  i.e*, 
7=2  /,;  .*.  -7=1-     In  such  cases  the  factors  m"  and  n"  vary 

simply  88  ^  t  that  is,  as  the  ratio  between  M  the  bending  moment 

at  any  point  of  the  beam  and  M^  the  mazimnm  bending  moment; 
which  for  beams  fixed  at  one  end  and  loaded  at  the  other,  or  uni- 
formly loaded,  Fig.  155,  is  at  the  fixed  end  C]  and  for  beams  sup- 
ported at  both  ends  and  loaded  at  the  centre,  or  uniformly  loaded 
over  its  entire  length,  is  at  the  centre  of  the  span  (7,  Fig.  154. 
With  origin  at  C,  and  BC  =  Zin  both  figures  154  and  155,  we  have, 
for  Fig,  166,    M.  =  Wl\    if  =  W{}  -  «); 

'''wr^-T <«> 

for  a  beam  fixed  at  one  end  and  loaded  at  the  other.  For  the 
same  beam  uniformly  loiitded,  with  w  for  nnit  of  length, 

-"'-T'  ^ 2 — ' 

■■■ir^<^-% <») 

If  the  beam  is  supported  at  both  ends  and  loaded  in  the  centre, 
the  half -span  =  I,  and  x,  measured  from  C  (Fig.  154) : 

^      Wxil      Wl         ,     ^     W{l-x) 


Henoe 


•MM-      —     X"'~'J««  •  •  •  •  •  •  •  \pj 


And  when  uniformly  loaded 

-^M-  ^^  A  -BM^  7/7  \  ^'(^   —  ^)*  ^^  '^ 


These  ratios  a,  b,  c,  and  d,  Bnbetitnted  in  eqs.  (195)  and  (196),  give : 
For  beams  fixed  at  one  end  aud  loaded  at  the  other,  substi- 
tuting (a), 

£_ 

=  7/  =  m"l\  .'.  m"  =  i. 
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Hence 

!=(-?) « 

Bnbetitnted  in  eqs. 
ae  end  aud  loaded 

x' 

In  the  above  the  constant  factor  -^  is  not  carried  throngh  the  de- 
ductions, as  it  does  not  afEect  the  value  of  m"  or  n",  and  similarly 
for  the  following  relations: 

For  beams  fixed  at  one  end  and  uniformly  loaded,  Bnbatitutiug 
(b)  in  equations  (196)  and  (196): 
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For  beams  supported  at  both  ends  and  loaded  in  the  centre, 
sabstitnte  equation  (o)  in  equation  (195). 
Substituting  (c), 


«* 


=  »  —  5-,  =  i?  =  m'7;  .*.  m"  =  i. 


And  when  uniformly  loaded  substitute  equation  {d)  in  equation 
(196) : 


«• 


= '^ "  i? = *^ = *""'»  •*•  *""=  *• 


"-^JM"'-£>&> 


x'        x' 


Collecting  the  aboye  results^  we  have  the  values  of  m''  and  n'' 
m  eqs.  (197),  t,  =  -^,  and  v,  =  -^,  as  follows : 

For  beams  fixed  at  one  end  and  loaded  at  the  other,  m''=i;  n''=i. 
For  beams  fixed  at  one  end,  uniformly  loaded. . .  w"=i;  w"=i. 
For  beams  supported  at  both  ends  and  loaded  at 

centre m"=-J;  w"=i. 

For  beams  supported  at  both  ends  and  uniformly 

loaded w"=|;  n"=^. 
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It  is  to  be  recollected  that  in  the  first  two  {  =  the  entire  span, 
in  the  laat  two  I  —  half  the  entire  span.  (For  an.  extended  diseua- 
Bion  of  this  subject  see  Rankine's  Applied  Mechanics,  pages  323  to 
32G  iiicluBive). 

In  the  majority  of  treatises  the  general  moment  M  is  expressed 

08  if  =  El^r-.  =  El-r-i  =  -EJ  T^;  V,  to,  and  y  beinir  the  deflec- 
dx'  dx*  dx"  3      *-» 

tion  according  to  the  notation  used  by  different  writers.  From 
eq.  (188),  ;  =  J;  from  eq.  (192),  \  =  ^-    Hence 

^,=  P,.    ,.M=eA (198) 

EI     d%*  dx*  ^      ' 

Eq.  (198)  is  commonly  used,  iV  being  the  external  bending  moment. 
The  common  theory  of  flexure  is  completely  expressed  by  thk 
equation,  and  ia  assumed  to  be  true  for  pure  bendiug,  whatever  may 
be  the  number  or  manner  of  application  of  the  external  forces  or 

leads.    The  expression  EI  ,-„  is  the  moment  of  internal  resistance 

to  bending.  Pure  bending  occurs  when  the  external  forces  are 
normfU  to  and  cut  the  axis  of  the  beam;  and  when  v  is  a  function 
of  X  only,  X  being  the  horizontal  axis  of  the  beam,  v  is  the  ordi- 
nate of  the  curve  and  ia  the  strain  for  bending,  E  the  coefficient 
of  elasticity,  and  /  the  moment  of  inertia. 

340.  The  common  theory  of  flexure  is  also  applicable  to  orig- 
inally curved  beams  within  certain  limits.    Calling  the  radius  of 


which  will  produce  the  cnrratnree  whose  radii  are  pf  and  p. , 
spcctively, 
^.-EI 


Then  a  bending  moment  M  =  M,  —  M*,  applied  to  a  curved  beam 
with  a  radius  of  curvature  p',  will  cause  a  change  in  curvature  ex- 
pressed by 


^r^V 


and  (fwt  =  (TttJ,  —  dV ; 
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^po^ivataaiB^^wa 


and  hence 


M=:jBI^^;    «;  =  v.     .    .     .    .    .     (199) 


The  writer  prefers  forms  of  expression  determined  by  Bankine's 
method,  as  possessing  more  adaptability  to  the  determination  of 
many  questions  connected  with  the  deflection  of  beams.  But  as 
they  seem  to  be  different  from  those  more  commonly  met  with,  he 
will  deduce  these  more  common  formulae,  and  show  that  the  two 
are  equivalent,  only  differing  in  form.  The  position  of  the  origin 
of  co-ordinates  will  bo  changed,  and  the  first  results  obtained  from 
a  combined  single  and  uniform  load. 

341.  With  the  above  general  remarks,  we  will  take  the  case  of  a 
beam  fixed  at  one  end,  originally  straight,  and  loaded  with  a  single 
weight  at  the  end  and  a  uniform 
load  over  its  entire  length.  W=  ^ 
single  load,  w  =  uniform  load  per  || 
unit  of  length,  wl  .=  total  uni« 
formload  =:  length  of  beam,  and  x 
is  measured  from  the  free  end 
towards  the  point  of  support.  The 
value  of  the  bending  moments  are 
found  as  in  Art.  XXIIL  Then  we  have,  from  Fig.  156  and  equa- 
tions (67)  and  (1^8), 


Fig.  166. 


(200) 


for  the  relation  of  the  bending  moment  and  the  moment  of  resist- 
ance at  the  point  Z>,  x  distance  from  B. 

Integrating  equation  (200)  between  the  limits  x  and  /,  recollect- 

dv 
ing  that  for  ^  =  Z,  ^  =  0,  as  the  curve  of  the  beam  is  horizontal 

at^^ 


if4!=?(---o+f(:»'-n; 


dx 


hence 


'  =  r/[f ft"  - '^l +  ?(,- '•')!■  •  •  <»•) 
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(202) 


The  greatest  bending  moment  is  at  A,  where  x  =  l;  hence  eqaa- 
tioQ  (200)  gives 


=  Wl+~. 


(203) 


For  the  same  beam,  loaded  only  with  a  single  weight  IT  at  B, 
make  w  =  0  in  equation  (202); 

1    WV 


■"'  =  -£1^' 


(204) 


and  3f,=iWl.    For  a  nniforml;  distributed  load  alone  IT  =  0; 


Jiff  —  iiol'.    The  general  expression  for  the  shear  is  the  first  dif- 
ferential coefficient  of  the  bending  moment 


■  dx 


"d^' 


and  for  mazimnm  shear  x  =  l; 

.:  8,  =  W+wl. (206) 

348.  In  the  case  of  a  beam  supported  at  both  ends  and  loaded 


with  a  single  weight  W  at  the  centre  of  its  length,  and  a  uniformly 
distribnted  load  of  w  per  unit  of  length,  as  shown  in  Fig.  157,  we 
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hare,  by  the  preceding  principles  and  from  equations  (77)  and 
(198), 

if  =  ^ig  =  i?.  -  f!; (207) 

X  being  now  measured  from  the  point  of  support  A.  R  =  B^  the 
reactions,  I  =  AB  the  length  of  span,  and  D  the  point  of  bend- 
ing, X  distance  from  A.    The  origin  for  both  x  and  v  is  at  A. 

Integrating  equation  (207)  between  x  and  x  =  --,  remembering 

J  7 

that  ^  =  0  when  ^  =  ~  as  the  tangent  of  the  angle  at  C,  the  centre 

of  the  span  is  zero,  as  the  curve  of  the  neutral  surface  is  horizontal 
at  that  point*    There  results 

*^=l[fff-?)-l(M)}  •  •  « 

The  greatest  deflection  v^  occurs  when  2;  =  -;  and  since 
substituting  in  equation  (208),  making  1;  =  t^,, 

^'  =  ^(  TIT  -  83^-)  =  -" 48FA^+  8^0'  (^^^> 

and  Jf  becomes  M^=^\Wl  +  iwP  for  maximum  bending  at  centre. 
For  a  single  centre  load  W  we  have  to  =  0,  and  equation  (209) 
becomes 

wr 

^'^^'^Wl    *^*    M,  =  iWl.      .    .    .    (210) 
For  a  uniform  load  w,  ir=  0,  M^  =  ^wZ*; 

*'*■"      8  48^7 (211) 

WV 
For  a  single  centre  load  equation  (209)  gives  v,  =  —  73-17,,  in 
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which  I  and  all  other  dimensioiiB  inToIved  in  /  are  to  be  expressed 
in  inches.    If  we  desire  i  to  be  in  feet, 

/•  =  1T28    and    v,  =  ~  ^^ff--      .    ■    -     (212) 

For  cast  iron  Ema,y  be  taken  =  12,000,000  lbs.;  hence  vhen  lis 
in  feet  the  centre  deflection  in  inches 

-  "'  -  10000007' ^^^^^ 

in  which  Wis  the  centre  load  or,  as  seen  from  equation  (211),  is 
equal  to  five  eighths  the  total  load  =  ^wl  for  a  nniform  load. 

For  wrought-iron  rolled  beams,  making  E  =  33,000,000,  and  for 
built  beams  5,500,000,  substituting,  equation  (312)  becomes 

"'  ~  22000000/  55000UOi  *     '     '     ■     ^  ^  ' 

(See  Burr,  page  563.)  It  must  be  recollected  that  If  is  the  centre 
load  increased  by  f  of  the  weight  of  the  beam,  which  must  also  be 
included  if  IT  is  made  f  of  the  total  uniform  load.  If  the  above 
valuea  are  aubatituted  in  equations  (309)  and  (211),  all  dimenaiona 
must  be  in  inches  in  (212),  (213),  and  (214);  I  alone  is  in  feet,  v, 
and  all  other  dimensions  in  inches. 

343.  We  can  now  compare  the  values  of  f,  aa  obtained  by  the 
two  methods.     Eeferring  to  equation  (130),  Art.  XXXII, 

M„=mWl^fl^^^;    .•./  =  ^-.    .     .     (215) 


Then  from  equation  (197) 


-  ^''f.^  -  q"^ ^^'y.  _  n"mWf 


(216) 


Ely.  EI 

For  a  beam  fixed  st  one  end  and  loaded  at  the  other,  n"  =  i  m  —  1 ; 
n"fr      ri."mWV       1  TTT"     .  /o^.v*     ,n-,r,^ 
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When  uniformly  loaded,  »"  =  i,  m  =  i,  W=  wl,  then 

For  yalne  of  small  m  see  Art.  XXIII,  pars.  221  and  222,  it  depend- 
ing on  the  method  of  loading  and  supporting  the  beam. 

To  make  the  comparisons  in  the  case  of  beams  supported  at 
both  ends,  it  must  be  recollected  that  in  equation  (197)  I  was  taken 
as  only  one  half  of  the  span  (see  Fig.  154),  whereas  in  equations 
(209)  and  (211)  (see  Fig.  157)  I  was  taken  as  the  length  of  the 
entire  span.  Then  I  in  the  first  case  is  equal  to  il;  in  the  second, 
substituting,  in  equation  (216)  for  I  =  ^Z, 

Then*  for  a  beam  with  a  single  weight  at  the  centre  we  have 
f^"  =  il  ?»  =  i*  and 


48 


v,  =  ~  -^     [see  eq.  (210)];     ....     (220) 


and  when  uniforiply  loaded,  »"  =  -j^,  w  =  i,  and  fr=  wh    Hence 

^'  ^      4^/     ^  8 '  48  :^    t^®^  ®^'  ^^^^^^  •    •     ^^^^^ 

344.  Either  of  the  above  seta  of  equations  enable  us  to  find  the 
greatest  deflection  of  any  given  beam  supported  and  loaded  in 
either  of  the  ways  above  mentioned. 

In  the  case  of  a  series  of  isolated  loads  alone  or  combined  wath 
a  uniform  load  over  the  whole  or  any  part  of  the  span,  the  expres- 
sion for  the  bending  moment  can  be  found  as  explained  in  Art. 

XXIII,  and  equated  to  Jf  =  -^^3— a ;  and  integrated  as  already 

fully  explained,  we  can  find  v  or  its  maximum  value  v,  for  the 
deflection. 

In  most  cases  the  actual  loading  can  be  reduced  to  an  equiva- 
lent single  load  concentrated  at  the  centre  of  the  span,  or  to  an 
equivalent  uniform  load,  which  would  bring  it  under  some  of  the 
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above  forms;  and,  ae  seen  above,  a  nniformly  distributed  load  pro- 
duces only  five  eighths  of  the  deflection  cansed  by  the  same  load 
concentrated  at  the  centre  of  the  span:  in  other  words,  for  beams 
supported  at  both  ends  it  is  only  necessary  to  make  W,  the  single 
load  at  the  centre,  equal  to  five  eighths  of  the  total  aniform  load, 
really  reducing  idl  cases  under  the  equation  for  a  single  load  at 
the  centre,  or  equations  (197)  or  (309). 

345.  An  important  extension  of  the  above  principles  is  to  deter- 
mine the  proper  depth  to  be  given  to  a  beam,  so  that  under  a  given 
load  the  deflection  of  the  beam  shall  not  exceed  a  certain  value,  or, 
in  other  words,  the  ratio  of  the  depth  to  the  length  of  a  beam  bo 
that  the  ratio  of  the  greatest  deflection  to  the  length  of  the  beam 
shall  not  exceed  a  certain  fraction,  say  from  ^^  to  -rVinr-  ^o)*  t^>B 
purpose  we  will  use  for  a  beam  fixed  at  one  end,  eq.  (216), 


,  n"ntHT 


and  for  a  beam  supported  at  both  ends,  equation  (219), 
n"in.  WV      n'"  Wf 


iEI    ~    im 


(223) 


n'"  =  n"m  for  convenience.    From  equations  (134)  and  (135) 


and  making  — ,  =  n,  we  have 


tbia  being  the  general  relation  between  the  bending  moment  and 
the  moment  of  resistance  to  bending,  &om  which 


(284) 
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Then,  substituting  in  eq.  (222),  w'"  =  n"w»,  and  for  1,  its  value 
n"mWr  .       ,  .  ,     , 

_  n"m WV  _  n"  tnWl    P 
••  *  ~  Etn'nbd*  -  E  'iMP'^'  '    '    '    ^^''**' 

substituting  /  for  -^  from  eq.  (224),  r,  =  -whj>  i^^  which /is  the 

modulus  of  rupture  and  must  be  taken  as  /,  or  /,  — /,  if  the 
material  has  a  smaller  resistance  to  tearing  than  to  crushing,  or/ 
when  the  reyerse.    Then 

f,  and/,  being  the  proof -strain  or  working  strain,  according  as  W 
is  the  proof -load  or  working  load.    Hence 

T~       Em'        d     °^    1-       Em'       v*  '    '    ^^^^^ 

which  giyes  the  value  of  the  ratio  of  the  depth  of  a  beam  to  its 

length  so  as  not  to  exceed  a  certain  fraction  exp^ressed  by  — ,  n'' 

=  i  for  a  single  load  at  the  end,  and  n"  =  i  for  a  uniform  load. 
For  a  beam  supported  at  both  ends  we  find,  by  the  same  substi- 

tntions  in  eq.  (223),  v,  =      j^j    becomes 

^■^^(or/)^  d  _  ny.jorf,)  I 


n'^  =  -I  for  a  single  load,  and  n"  =  -j*^  for  a  uniform  load. 

In  both  equations  (226)  and  (227)  m'  depends  upon  the  position 
of  the  neutral  axis  with  respect  to  the  bottom  and  top  surfaces  of 
the  beam,  or,  in  other  words,  upon  the  form  of  the  beam,  values  of 
which  will  be  given  when  we  come  to  apply  the  formulae.  These 
equations  are  applicable  for  any  beam  loaded  and  supported  as 


no       EQUAL   STRENQTH   ABOVE  AND   BELOW   NEUTKAL   AXIS, 

(escribed,  whatever  ma^  be  ita  dgnre  of  croBe-section,  in  which  /,  or 
\  ia  the  proof  or  working  stress  per  square  inch  on  that  side  of  the 
team  which  will  give  way  first  on  the  conipresBed  side,  where  the 
esiBtance  to  crushing  per  square  inch  is  less  than  its  resistance  to 
earing  as  in  the  case  of  timber  or  wrought  iron,  and  on  the  extended 
ide  as  in  cast'  iron,  the  neutral  axis  being  at  or  near  the  centre 
)f  the  depth  of  the  beam,  or  where  the  beam  is  so  proportioned 
hat  the  strength  is  the  same  above  and  below  the  neutral  axle, 
n  the  Srst  case  there  are  other  simpler  methods  of  determining 
he  ratio  of  depth  to  length  of  span. 

The  advantage  in  the  above  equations  arise  from  onr  ability  to 
letermine  the  proper  depth  of  the  beam  directly  from  the  working 
alues  of  /,  and  /,  which  are  always  prescribed  in  the  specifica- 
ions,  and  the  loads  must  be  so  regulated  as  not  to  exceed  these 
'alues. 

346.  For  beams  of  equal  strenpth  above  and  below  the  neutral 
ixis,  as  in  properly  proportioned  flanged  beams,  equations  (326) 
md  (22T)  can  be  pnt  under  still  better  forma.  In  ench  beams  we 
hoald  have 

/.+/.  :/,  :/.  :  ■  !/>+  ?.{or  d) :  y. :  y. ;    /.  |^  =  j^^  =  m'. 

Equation  (336)  then  becomes 

d_n"l/,+f,)l 

J-         E^v' *^^^* 

t"  =:  \  for  a  single  load  at  the  end,  n"  =  \  when  nniformJy  loaded, 
>nd  eq.  (237)  becomes 

i  ^  »"(/■+ /.)i ,,,<„ 


i"  =  }  for  a  single  weight  at  the  centre,  and  n  =  ^  f or  a  nniform 
oad. 

847,  Taking  the  value  of  w,  from  the  first  part  of  eq.  (234^), 

',  =  p— ,-  xtTi  w6  see  that  in  general  the  deflection  varies  as 
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WP 

r-^,  or,  in  words,  directly  as  the  load  and  cube  of  the  length  and 

inversely  as  the  breadth  and  cube  of  the  depth.  Such  purely  prac- 
tical works  as  Trau twine  use  simply  the  following: 

Deflection  under  working  load  =  -^  X  a; 

a  being  a  constant  to  be  determined  by  experiment,  and  depending 
on  the  kind  of  material, — that  is,  for  B  in  the  aboye  equation, — 
the  manner  of  loading  and  supporting  the  beam,  and  on  the  form 

of  cross-section  involved  in  — j— .    For  beams  of  pine  timber  Mr. 

Trautwine  gives  the  constant  a  =  0.00032,  for  oak  =  0.00023,  and 
for  cast  iron  =  0.000025.  Such  expressions  save  the  trouble  of 
understanding  the  principles,  and  are  easy  and  simple  of  applica- 
tion provided  you  have  always  at  hand  a  table  of  the  constants. 
But  the  chances  are  that  at  the  very  time  you  want  to  solve  the 
problem  approximately,  as  it  must  be  at  best,  you  have  left 
your  book  of  tables  in  the  office,  and,  ignorant  of  any  of  the  princi- 
ples involved,  you  are  perfectly  helpless.  For  these  reasons  the 
writer  has  discussed  this  subject  in  great  detail,  although  he  has 
endeavored  not  to  introduce  any  difficult  or  purely  theoretical  ana- 
lytical work.  The  most  elementary  differentiation  or  integration 
has  been  introduced^  though  he  has  endeavored  to  make  the  prin- 
ciples and  their  relations  to  each  other  clear,  and  to  put  the  results 
in  forms  that  can  be  easily  remembered  and  applied. 


ART.  XXXVI. 


CONTINUOUS  BEAMS. 


348.  In  the  writings  of  many  authors  but  little  attention  has 
been  given  to  the  determination  of  stresses  and  strains  in  continuous 
beams.  The  subject  is  an  important  one,  both  in  connection  with 
the  solution  of  theoretical  and  practical  problems  in  the  design  and 
construction  of  draw  or  swing  bridges,  and  also  of  cantilever  and 
other  truss  bridges. 

The  special  application,  however,  in  this  article  will  be  made 


413  QEMBEAL  BEIUBKB. 

to  the  cases  of  continiionB  beams  of  some  solid  cross-section.  This 
general  discussion  will  follow  the  line  as  dereloped  in  Rankine'a 
Applied  Mechanics,  pages  332  to  337,  inclnsive. 

Beams  are  considered  as  continuous  when  resting  on  more  than 
two  points  of  support,  whether  the  extreme  ends  are  fixed  or  con- 
strained, or  tree.  Also  in  the  case  of  a  beam  of  a  single  span  with 
fixed  ends. 

When  a  beam  simply  rests  on  two  points  of  support  and  is  loaded 
in  any  manner,  the  beam  bends  under  the  action  of  this  load,  be- 
coming convex  downwards.  The  greatest  angle  of  slope  which  is 
measured  by  the  tangent  of  the  angle  which  a  tangent  line  at  any 
point  of  the  curve  assumed  by  the  neutral  axis  makes  with  the 

borizontal  at  that  point  =  3-.     This  is  a  maximum  at  the  points 

of  support,  and  becomes  zero  at  some  intermediate  point  where  the 
bending  moment  is  the  greatest,  the  tangent  being  horizontal  at 
this  point;  and  the  deflection  is  the  greatest,  as  at  this  point  a  tan- 
gent to  the  curved  neutral  surface  is  horizontal. 

349.  If  a  beam,  then,  is  so  acted  upon  by  forces  at  the  points  of 
support  as  to  reduce  the  slope  to  zero  over  the  points  of  support, 
that  is,  to  keep  its  neutr^  surface  horizontal  at  those  points,  the 
effect  will  be  to  diminish  the  curvature,  slope,  and  deflection  at 
intermediate  points.  This  can  be  accomplished  by  firmly  fixing 
the  ends  of  the  beams  in  masonry  walls,  or  by  making  the  beam 


a  part  of  a  continuous  beam  over  several  points  of  support,  or  by 
simply  allowing  the  beam  to  project  beyond  each  of  the  two  sup- 
ports, the  projecting  ends  being  loaded  or  counterbalanced  by 
weights,  which  is  often  done  in  case  of  small  drawbridges;  or  the 
projecting  arms  can  be  anchored  down  to  masses  of  masonry,  or 
connected  with  ordinary  trussed  spans  or  beams  of  sufficient  weight, 
the  other  ends  resting  on  a  pier  or  other  point  of  support, — any  of 
these  methods  constituting  a  cantilever  truss  or  beam.  Fig,  158 
illustrates  a  continuous  beam  over  two  points  of  support,  the  ex- 
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treme  ends  resting  on  other  supports^  thus  dividing  the  beam  into 
three  spans,  which  may  or  may  not  be  of  equal  lengths.  The  end 
spans  are  generally  of  equal  length,  and  the  middle  span  of  a  differ- 
ent length.  Let  1^,1^,  and  l^ ,  be  the  lengths  of  the  three  spans 
continuous  over  the  two  points  A  and  By  and  resting  on  the  ex- 
treme points  D  and  C;  DA  =  /, ;  AB  =  Z,;  BC  =  ?,•  Calling  ^Z,  = 
{,  and  referring  to  Art.  XXXY,  equation  (188), 


r      Ey      EP 


from  equation  (192) 


•\ 


I 


rfv     '         1      di      d*v 
and  from  equations  (193)  and  (194),  respectively, 

»  =   y    idx,    and  the  slope  ♦  =    /    — • 

Since  from 

l_di     ._    rdx 

we  have  for  the  deflection,  substituting  the  above  value  of  —  =  -^f* 


and 


^^St^^eSi^' <^^^> 


These  being  general  values,  if  now  we  take  the  section  at  which 

M     M 

the  neutral  curve  is  horizontal,  then  -^  =  -^-  and  constant,  the 


^14  FOUMUL^  FOB  DUFLECTIOH   AKD  SLOPE. 

ctual  value  of  M, ,  howeror,  depending  on  the  mode  of  diatribating 
he  load  and  supporting  the  beam,  which  can  be  represented  in 
quation  (330) by  h" and  inequation  (231)  by  ta".  Hence, in tegrat- 
tig  between  the  limits  x  =  0  and  x  =  I,  and  representing  maximnin 
aloes  by  v,  and  i, , 

Equation  (230)  becomes  v,  =  —gj—\  •    •    ■    (232) 
Equatioi;  (231)      "         i,  =  ^^^^; .     ■     .     (233) 

iter  integrating  between  the  limits  x  =  0  and  x  =  /  (=  ^Z,). 

Equations  (232)  and  (233)  are  the  general  expresBioas  for  the 
uaximum  slope  and  deflection.  We  have  already  found  and  fre- 
[uently  used  the  values  of  n",  and  in  the  same  Article  XXXV  we 
ound  m";  in  fact  m."  is  the  constant  resulting  from  the  first  inte- 
ntion of  equation  (231)  after  substituting  the  limits  z  =  0  and 
:  =  /,  and  n"  is  the  constant  in  the  second  integration  i^ter  subati- 
uting  the  same  limits.  Hence  from  equations  (195),  (196),  and 
197),  Art.  XXXV,  we  have 

i'or  a  beam  fixed  at  one  end  and  loaded  at  the  other i  ^ 

"    "     "        "      "    "      "      "        "      uniformly J  J 

"    "     "     supported  at  both  ends,  single  centre  load ^  \ 

"   "     "  "  "     "       "    loaded  uniformly f  ^ 

Referring  to  Fig.  158,  either  of  the  end  spans  BC  or  AD  are 
aid  to  be  fixed  at  one  end  A  and  B,  and  supported  at  D  and  C, 
espectively.  The  middle  span  AB  is  said  to  be  fixed  at  both  ends, 
Bsuming  that  the  neutral  surface  is  horizontal  over  the  points  of 
upport  A  and  B.  In  Fig.  158  this  condition  can  only  be  fulfilled 
<y  assuming  that,  on  vertical  sections  of  the  beam  over  each  point 
1  and  B,  we  have  a  couple  the  moments  of  which  are  eqnal  and 
pposite,  that  is,  one  right-handed  and  the  other  left-handed ;  the 
orces  of  these  conples  being  a  uniformly  viuying  resistance  to 
rushing  on  that  part  of  the  vertical  cross-section,  at  each  point, 
lelow  the  neutral  axis,  and  a  corresponding  uniformly  varying 
esistanoe  to  tearing  on  that  part  above  the  neutr^  axis,  and  the 
lagnitude  of  the  moments  of  these  couples  auflScient  to  maintain 
he  neutral  surface  horizontal  at  A  and  B.    These  couples  are 


1 
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indicated  by  the  arrows^  Fig.  158.  We  then  desire  to  find  these 
moments  and  the  effect  of  these  moments  upon  the  strength, 
deflection^  and  curvature  of  the  other  portions  of  the  beam.  For 
the  present  we  need  not  consider  the  spans  DA  and  BC  on  either 
side  of  the  span  AB  now  under  consideration.  As,  however,  they 
may  be  loaded,  ot  whatever  may  be  their  length  and  other  dimen- 
sions, they  simply  combine  to  develop  the  resistances  over  the  points 
A  and  B;  and  what  we  now  desire  to  know  is  the  moment  of  these 
resistances  without  regard  to  the  manner  in  which  they  may  be 
developed. 

360.  It  has  been  shown  in  Art.  XXIII,  par.  226,  that  if  a  beam 
is  supported  at  both  ends,  and  loaded  with  two  equal  weights  placed 
at  equal  distances  from  the  centre  of  the  beam,  there  would  be 
formed  two  equal  and  opposite  couples  near  the  ends  of  the  beam, 
that  the  maximum  moment  would  occur  at  each  weight,  and  that 
portion  of  the  beam  (not  considering  the  weight  of  the  beam  itself, 
or  allowing  an  equivalent  weight  in  the  loads)  between  the  weights 
would  be  under  a  uniform  bending  moment  or  moment  of  flexure. 

If,  then,  under  the  actual  conditions  of  loading,  we  find  from 
equation  (233)  the  value  ^^  of  the  maximum  slope,  assuming  that 
the  beam  AB  is  simply  supported  at  the  ends,  and  then  the  value 
of  the  uniform  moment  of  flexure  which  would  produce  an  equal 
but  opposite  slope  ^^  at  the  ends  of  the  beam,  or,  in  other  words^ 
neutralize  the  tendency  of  the  actual  loads,  so  far  as  the  slope  at 
the  ends  is  concerned,  this  uniform  moment  would  be  equal  to  the 
required  moment  of  resistances  at  the  ends,  the  result  being  that 
the  neutral  surface  over  the  points  of  support  would  be  horizontal^ 
and  the  beam  would  assume  the  form  shown  in  Fig.  158,  that  is, 
convex  upward  at  and  near  the  points  A  and  By  and  convex  down- 
ward at  intermediate  points,  but  less  in  extent  than  when  simply 
supported  at  the  ends.  It  is  clear  that  this  bending  moment  over 
the  points  of  support  and  near  the  centre  must  act  in  different 
directions,  and  being  assumed  to  be  in  the  same  longitudinal  and 
vertical  plane,  that  the  resultant  moment  is  equal  to  their  differ- 
ence; or  calling  3/,  the  maximum  bending  moment  at  the  centre 
when  the  beam  is  simply  supported  at  both  ends,  and  if,'  the  re- 
sisting moment  at  A  and  B^  then  M^  —  MJ  is  the  resultant  at  any 
point,  moments  tending  to  produce  convexity  upward  being  nega- 
tive and  downward  positive.     Hence  if  M^  >  if/,  these  points  of 
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the  beam  will  be  oonvez  downward,  M,<M/  for  points  convex  up- 
ward; and  it  Mf  —  M^,  tbe  resultant  moment  ie  zero,  and  also  the 

cnrvatore  -  =  0.    These  are  points  at  which  the  neutral  surface 

passes  from  conTexity  downward  to  convexit;  npward,  hence  points 
of  no  bending,  but  at  which  only  a  shearing  force  acts.  These 
points  are  called  points  of  contrary  flexure  or  contra-flezure,  for 
which  radius  of  curvature  will  be  infinite. 

861.  To  find  tbe  uniform  moment  of  flexure  at  the  points  of 
support  which  would  produce  a  slope  equal  to  t',,  but  in  a  contrary 

direction,  assume,  equation  (231),  t,  =  ^  /  -^dx.  Since  the  mo- 
ment of  flexure  is  nniform,  and  also  the  crosB-section  of  the  beam 
M     MJ 


i. 


,  see  equation  (333), 


'      El, 
m"M'l 


1    C'^M,       m"M'l 


M'l 


that  is. 
From  equation  (230)  [see  equation  (332)], 


(234) 


(235) 


-^:> 


t"M,T      IM.'V  ,  ^.      ,„... 

—gj—  =  a  TeT'  equation  (835)i 


C0KTIKU0U8  BEAMS.  417 


And  equation  (233)  gives  Jf,  =  ^^;   and  eq.  (234),  Jf/  =  ^^^; 

hence 

Jf/  =  w"Jlf. (237) 

If  if,  is  the  actual  moment  of  flexure  at  the  centre  of  the  beam 
after  its  ends  have  been  fixed  as  shown  in  Fig.  158,  then 

M,  =  M,^  M:  =  Jf,  -  m"M,  =  MSI  -  m"). 

In  the  table,  page  401,  we  find  for  a  beam  fixed  at  both  ends 
and  loaded  in  the  centre  m"  =  i;  and  when  uniformly  loaded, 
m"  =  f .    Hence  if,  =  iM^,  or  M^  =  ^M^. 

When  the  beam  is  fixed  at  both  ends,  if  we  take  M^  =  iM^, 
then  the  bending  moment  at  A  and  B  is  MJ  ^  M^  —  M^  =  ^M^'y 
or  if  with  the  uniform  load  M^  =  ^M^ ,  then  the  bending  moment 
at  A  and  B  is  M/  =  M,-M,=:  |if„. 

From  this  discussion  it  is  seen  that  the  bending  moment  at  the 
centre  M^  must  either  be  equal  to  or  less  than  the  bending  moment 
M/  at  the  points  of  support,  but  never  greater;  that  is,  M^  =  M/, 
but  never  greater. 

For  beams  of  uniform  cross-sectiom  1=  I^yOs  assumed  above. 
In  other  words,  the  bending  moments  in  continuous  beams,  or 
those  fixed  at  both  ends  with  uniform  cross-section,  over  the  points 
of  support  A  and  B  will  always  be  either  greater  or  at  least  equal 
to  the  bending  moment  at  the  centre  of  the  span,  but  never  less. 

S52«  From  equation  (237), 

y 

hence  the  ultimate  proof  or  working  load  (according  to  the  value 
of/),  when  the  ends  are  fixed,  is 

^'=^j « 

and  when  the  besm  is  supported  at  both  ends  simply, 

M,=  mWl,  =  nfbd^;    .-.  |F=^^;      .    .    (239) 
hence 

W'  =  ~,    or    l:m"::W'.W.       ....    (240) 
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rom  which  we  see  that  the  Btrength  of  the  beam  is  iBcreased  in 
le  ratio  of  m" :  1. 

363.  To  find  the  deflection,  subtract  that  due  to  the  nniform 
loment  for  beams  with  fixed  ends  from  that  dne  to  the  moment 
f  Seiure  if  the  beam  had  simply  been  supported;  that  is,  v,  —  r,', 
]uatioDS  (232)  and  (335)  reBpectively ;  and  n"  =  i  [see  equation 
!36)].     Hence 

,      n"M,r      M,'r 

"'-*■•  =r^- 217.' 
•,  since  Jf/  =  m"M,, 

m 

ence  the  deflection  is  diminished  in  the  ratio 

,      n"    ( n"       \\-  „  I  ,,      m"\     ,„.„. 


,'  =  — ,  and  equation  (S41)  becomes 


•I)!:- « 


"hen  simply  supported  [see  eqnation  (197)].  f,  = 


Ey, ' 


:«,::  ( — j^  —  n) :  «"  [same  as  in  equation  (242)].    This  expreeses 

hat  Mr.  Rankine  calls  the  diminutive  in  the  proof  deflection,/ 
iing  the  proof  strain;  bnt  it  holds  good  for  any  value/,  or/,  less 
lan  the  proof  strains. 
he  position  of  the  points  of  contraSexnre  are  found  by  placing 

M,'-M, (244) 

f,'  being  the  uniform  bending  moment,  or  the  moment  of  resist* 
ice  at  the  fixed  ends.  A  aud  B,  and  M  being  the  moment  at  any 
)int  of  the  beam  under  the  actual  loads,  if  the  beam  is  simply 
ipported  at  both  ends. 
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The  aboye  equations  are  general  for  any  condition  of  loading  the 
beam,  the  beam  being  of  uniform  cross-section.  For  any  particu- 
lar case  it  is  only  necessary  to  give  proper  values  to  m"y  n"y  and 
tn,  and  for  beams  supported  at  both  ends  make  22  =  /,,  the  beams 
being  fixed  at  both  ends. 

BBAH  CONTINUOUS  OVER  TWO  POINTS  OF  SUPPORT. 

354.  For  middle  span,  uniform  cross-section,  single  load  at 
centre  (see  Fig.  158),  m  =  i;   w"  =  i;    w"  =  i;    if,'  =  m"M^. 

.\  M/  =  iM,  =  imWl,  =  iWl,  =  iWl  =  ^=nfbcr.  (245) 

if 

Since  Jf,  is  the  maximum  bending  moment  at  centre  of  beam,  we 
wish  to  find  the  point  where  the  bending  moment  M  =  ^M^  =  i  Wx, 
X  being  measured  from  one  of  the  points  of  support  ^  or  ^; 
hence  a;  =  ^i  =  i?,;  if  =  iW7  =  M^',  which  is  the  condition  for 
the  points  of  contraflexure;  that  is,  these  points  are  midway  be- 
tween the  centre  of  the  span  G  and  the  points  of  support  A  and 
By  as  shown  in  Fig.  158  at  F  and  F^  on  middle  span.  At  these 
points  the  resultant  bending  moment  is  zero,  and  as  the  shearing 
force  is  the  first  differential  coefficient  of  the  bending  moment  we 

W  dM  W 

have  M^  —  M^  +  — x;  hence  -j-  =  /S  =  — ,  which  is  the  value 

»  uX  A 

of  the  shearing  force  at  any  point  between  the  end  and  centre. 
For  the  maximum  deflection  eq.  (243)  gives 

22-;  „-l!^-l\LL-(k-^\fl -IIL-Lfll  r246^ 

'  -  ^'  "» -U"     2J^y..-ii      ZJEy,  ~  6  Ei/.~  24  Uy;   ^^*^' 

And  since  the  resaltant  bending  moment  at  the  centre  of  the  beam 
is  Jf,  =  Jfi -  W.  =  iM,  =  im  Wl,  =  iWit=  ^. we haTe/=  ^^. 
Substituting  in  equation  (246),  we  have 

1    TTT  • 
In  the  above  case  the  bending  moments  at  the  centre  and  at  each 
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of  the  points  of  support  are  equal,  but  of  opposite  signs  and  each 
=■  M^  =  ^Wl,;  whereas  if  simply  aupported  the  bending  moment- 
at  the  ends  is  zero  and  at  the  centre  M,  =  iWl,. 

The  points  of  contraflezure  are  distant  from  either  end 

=  *;. (2«) 

39$.  For  The  same  beam  uniformly  loaded,  m  =  ^',  ni"=J; 
n"=^;  21  =  1,.    Then 

Jf.'  =  m"M,  =iM,  =  imWl,  =  -^1^1,=  iWl  = 

M,  =  M,-  M,'  =iM,  =  iM,'  =  ^ ff7,  =  iiwl,:  .     (250) 

This  is  the  bending  moment  at  the  centre  of  the  span  and  for  the 
bending  at  the  points  A  and  B. 

M,' =  2M' =  r^Wl,  = -^wl,' (251) 

In  equations  (250)  and  (251),  W=  wl,,  w  being  the  intensity  of 
the  uniform  load  or  the  load  per  unit  of  length. 

For  the  maximum  deflection  at  the  centre  of  the  span 

■     \m"      llEy.     U       •i)Ey,-SEy,~Z%Ey:    >*'"' 

ir=M,-\M.  =  iM.  =  imm.  =  -f,Wl,  =  tL.^  y=  5^.. 

Hence 

-    "''■'  _    "',' 
"■      384£/~384£/ ''''^' 


In  Art.  XXIV,  page  188,  eq.  (64),  (Burr), 


«/v  =  ef;,. 


41- 


The  value  of  v  in  this  equation  is  the  general  expression  for  the 


GOKTINUOUS  BEAMS.  421 


deflection  of  the  middle  span  as  deduced  by  Mr.  Burr,  in  which 
jf  =:  to,  and  for  maximum  deflection  v, ,  a;  =  ^.    Hence 

or 

{^i)  -  ^  -  ds^r 

the  same  as  eq.  (253)  above. 

S56.  To  find  now  the  points  of  contraflezure,  we  have 
Jf/  =  fif,;  and  since  we  desire  to  find  a  point  on  the  beam  where 
the  gener^  bending  moment  is 

M=3f:  =  iM,  =  ^-'f=^l,\    .     .    (254) 

X  being  measured  from  the  point  of  support  A  to  the  right.  Hence 
l^z  —  a;'  =  il^*;  or  x"  —  ?,a;  =  —  il^\  Solving  with  respect  to  x, 
we  have 


"■2*\/t""t-H2=*=\/ 4       6 


a:  =  -:f 


=  ?.(o.5  ±^^  =  ^,(0.5  ±  0.289). 

.\x  =  0.7S9l,    and    a;  =  0.2117,.    .    .    .     (255) 

Which  simply  means  that  there  are  two  points  of  contraflexure  at 
0.211  of  the  span  from  A,  and  the  other  at  0.789  of  the  span 
from  Ay  or  0.211  from  the  point  of  support  B;  or  the  two  points 
are  0.5  —  0.211  =  0.289  of  the  span  from  the  centre.  This  same 
result  is  found  by  a  different  method  in  Burr's  Elasticity  and 
Resistance  of  Materials  (see  page  188). 


COKTIKUOUS   BEAMS.       FIXED  AT  OKB  END  AND   SUPPORTED   AT 

THE  OTHER. 

357.  The  above  solution  was  based  on  the  application  of  a  mo- 
ment of  resistance  on  a  vertical  section  of  the  beam  at  each  of 
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the  points  of  support  A  and  B  capable  of  maintaining  the  neu- 
tral Guire  at  those  points  horizontal,  without  reference  to  the 
means  used  to  develop  that  moment.  And,  in  fact,  in  the  preced- 
ing discussion  the  ends  of  the  beam  in  Fig.  158  were  simply  con- 
ceived to  be  held  by  being  flsed  in  masonry,  or  in  some  other 
maoner.  In  tljis  case  the  weight  of  the  spans  DA  and  CB,  or 
the  load  npon  them,  must  be  sufficiently  great  to  develop  the  re- 
quired moment  of  resiatance.  These  spans  are  then  said  to  have 
one  fixed  end,  and  to  be  simply  supported  at  the  other  end  D  or  C. 
It  is  evident  that  as  the  bending  moment  or  ita  equivalent  moment 
of  resietance  must  remain  the  same  over  the  points  of  support  A 
and  B  as  foi'  the  span  AB,  and  the  bending  moment  at  the  points 
B  and  0  mnst  be  zero,  as  the  beams  are  merely  supported  at  those 
points,  these  end  spans  DA  and  CB  are  sensibly  in  the  same  con- 
dition as  those  portions  of  the  span  AB  extending  from  A  to  F,  and 
from  B  to  F;  that  is,  similar  to  a  span  fixed  at  one  end  and  sup- 
ported at  the  other,  and  so  loaded  that  the  neutral  curve  should  be 
horizontal  at  the  points  A  and  B.  A  general  solution  of  this  prob- 
lem can  be  found  in  Burr's  work. 

The  following  solution  will  he,  however,  more  in  the  same  direc- 
tion, and  in  fact  forming  a  part  or  continuation  of  the  problem 
just  solved  for  a  beam  fixed  at  both  ends  and  forming  with  these 
end  spans  a  continuous  girder.  Ag  we  have  already  found  the 
value  of  the  moment  M,'  necessary  to  hold  the  beam  horizontal  at 
the  points  A  and  3,  we  have  already  found  one  of  the  quantities  to 
he  considered,  and  it  now  only  remains  to  find  the  necessary  weight 
or  load,  including  the  weight  of  the  span  DA  or  CB  necessary  to 
develop  this  moment.  This  load  may  be  considered  either  as  a 
concentrated  load  acting  at  a  single  point  or  uniformly  distributed 
over  the  span  DA.  Taking  the  case  of  a  single  weight  W  acting 
at  any  point  z,  distance  from  D  (see 
Fig.  159),  the  span  AD  =  ?,,  the 
beam  being  assumed  aa  fixed  at  A 
and  supported  at  D.  If  the  beani 
""■  ^^^-  was  simply  supported  at  both  ends 

the  reactions  could  be  found  at  once  by  the  principle  of  the  lever, 
bnt  in  this  case  one  of  the  reactions  will  be  greater  and  the  other 
will  be  less  by  the  same  amount  than  would  be  found  by  the  prin- 
ciple of  the  lever. 
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This  transference  of  a  portion  of  one  reaction  to  the  other 
can  only  be  effected  by  a  couple,  the  equal  forces  of  which  are  the 
differences  between  the  reactions  in  the  two  cases,  and  the  lever- 
arm  is  the  distance  between  A  and  i>,  or  the  length  of  the  span. 

The  conditions  of  equilibrium  require  an  equal  and  opposite 
couple  to  be  applied  to  the  beam,  and  the  bending  action  of  this 
couple  will  be  of  an  opposite  kind  to  that  caused  when  the  beam  is 
simply  supported  at  the  ends.  We  first  desire,  then,  to  find  the 
reactions  R^  and  R^  at  the  points  A  and  D.  Let  x^  be  the  distance 
of  the  load  from  D  and  x^  its  distance  from  A,  Then  the  bending 
moment  at  any  point  between  D  and  Hy  measuring  x  from  A^  will 
be  J?j(?,  —  x)f  and  between  H  and  A  will  be  -S,(^i  —  a:)  —  W'{x^  —  x). 
Hence 

^/g  =  R,{1,  -  X)    and   ^/g  =  B,{1  -x)-  W'{x,  -  x).  (256) 

Integrating,  we  have 

El^  =  R,l,x^R^^+C, (257) 

and 

EJ^£  =  RJl,x-R^^-W'xfl-\-^+C,..    .    (258) 

dv 
In  equation  (258)  a;  =  0;  -^  =0  also;  then  £7,  =  0. 

For  x  =  x^,  J-  has  the  same  yalne  in  the  two  equations  (257) 

civ 
and  (258),  as  the  beam  is  horizontal  at  H,  and  the  slope  j-  is  the 

same  on  both  sides  of  H;  hence 

Equation  (257)  becomes  El^  =  RJ,x  -  S,|  -  ^l. 

and 

equation  (258)  becomes  EI^  =  RJ,x  -  R,k  -  ^'^.«  +  ^'^. 

dx  •^  A 


!4  FOISTS   OF  C01<TBAPLEXUB£. 

Integrating, 

EJv  =  Jt,l,^~R,^~^^+C,.     ....     (259) 
and 

3-'  x'        Wr  a'        Wr' 


In  eqnatioii  (360)  a:  =  0,  w  =  0  also;  then  0,  =  0. 

x=:x,,  then  in  the  two  equations  v  =  v;  hence  (7,= 

Substituting  in  equation  (359)  for  C,,  then,  when  x  = 
equation  (259)  la  zero,  and  there  reanlta 

Hence 

:.'/,  -  W'x,' 


Wx* 


61'  21* 


(261) 

This  gives  the  reaction  at  D,  the  supported  or  extreme  end  of 
the  span  DA,  and  the  reaction  due  to  the  ]oad  on  the  same  span 
at  A  will  be 

These  equations  are  general,  and  give  the  reactions  in  terms  of  the 
length  of  the  span  and  the  distance  of  the  point  of  application  of  the 
load  from  the  fixed  end  of  the  beam.  Having  now  found  the  reac- 
tions due  to  the  load  on  the  span  DA,  and  linowing  that  W  =  i?, 
+  ^, ,  we  can  find  the  point  of  contraflexure  by  placing  the  second 
member  of  equation  (256)  equal  to  zero,  or,  what  is  the  same  thing, 
the  algebraic  sum  of  the  moments  on  either  side  of  this  point  must 
be  zero.     Thia  moment  is 

Ji,{l~x)=  W'\l-(x,+x}\  =  W'ix,-x); 
W'x,  -  Rl 


(263) 

If  the  origin  is  taken  at  D  instead  of  A,  then  the  momenta  with 
respect  to  F,  distant  x  from  D  are  li,x  =  W'(x  —  x^); 
W'x 
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This  last  is  the  same  form  as  equation  (49),  page  182>  Burr's 
work. 

The  points  of  greatest  deflection  can  be  found  by  placing  the 
second  member  of  equation  (257)  equal  to  zero,  after  substituting 
the  values  of  B^  and  C,  and  solving  with  respect  to  z,  since  at  these 

/7i» 

points  -T-  is  equal  to  zero.     Equation  (263)  shows  that  there  is  but 

one  point  of  contraflexure. 

It  is  plain  that  the  portion  of  the  span  DA  between  J)  and  F^ 
is  simply  in  the  condition  of  a  beam  supported  at  both  ends,  since 
the  bending  moments  at  those  points  are  zero,  and  the  point  of 
maximum  positive  bending,  that  is,  causing  convexity  downward, 
is  at  the  point  of  application  of  the  resultant  W\  The  maximum 
negative  moment  is  M/  at  the  point  A.  The  same  solution  applies 
to  the  span  BC  =  l^  by  substituting  /,  for  ?,  in  the  above  equations. 
These  spans  are,  however,  generally  equal,  /,  =  ?,. 

358.  In  beams  simply  supported  at  the  two  ends  the  sheisiring 
force  at  the  points  of  support  were  equal  to  the  reactions  and  dimin- 
ished towards  the  intermediate  point  where  the  bending  moment 
was  a  maximum.  In  continuous  beams  the  reactions  must  not  be 
confounded  with  the  shearing  forces.  In  Fig.  158  the  reaction  is 
equal  to  the  shear  at  />,  the  supported  end;  this  shear  reduces  to 
zero  at  the  point  of  application  of  the  resultant  load  W;  it  then 
increases  to  the  point  F^  of  contr&flexure,  where  it  is  equal  to  its 
value  at  />,  and  at  the  fixed  point  A,  or  rather  immediately  to  the 
left  of  that  point,  it  is  equal  to  i2, ,  which  is  the  reaction  due  to 
the  weight  or  load  upon  the  span  DA.  Similarly  the  shear  at  the 
point  A  from  the  load  on  the  span  AB  is  equal  to  the  reaction  R/ 
due  to  that  load,  immediately  to  the  right  of  the  point  of  support. 
But  the  full  reaction  at  A  is  B^  +  J2/.  The  shear,  then,  in  either 
span  independently  considered  follows  the  same  laws  as  for  beams 
supported  at  both  ends,  after  the  proper  reactions  are  determined 
for  that  particular  span.  But  the  reactions  at  each  point  of  sup- 
port are  the  sum  of  the  shears,  or  reactions  arising  from  the  two 
^pans  adjacent  to  the  point  of  support. 

359.  If  the  span  DA,  Figs.  158  and  159,  is  uniformly  loaded, 
the  solution  is  somewhat  simplified  from  the  fact  that  it  is  not 
necessary  to  deduce  but  one  set  of  equations  for  the  bending  mo- 
ment on  one  side  of  H  and  another  set  for  the  other. 
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With  the  origin  at  A,  the  fixed  end  of  the  span,  we  have  the 
general  relation  for  the  bending  moment  at  any  point 

^/0  =  B.(?.-*)-«i^^'.       ...    (265) 
and  aUo  0  =  0,  then 


,^iv       _ ,         5,«'       vsVx    ,    wLa?       tea:* 


(266) 


_  .  !B*         _  at*        to/  'iC*        to/  I*         TO*' 

F(W  *  s  /, ,  V  =  0,  snbetitnting  in  equation  (267), 
'8  6  24    "^    24  24  ~    ' 

which  b  the  reaction  at  D.    Heace  for  reaction  at  A, 
B,  =  icl,  —  iwl,  —  fro/,. 
It  will  be  oonvetiient  to  enbBtitnte  for  R'  its  valae  in  the  abore 


(268) 


eqnations. 

Equation  (266)  then  becomes 

»,,.-^»<..-1l%^-!^ 

=  - 

■5"'>+:>--^' 

•••s  =  -jili»'--i«^+'^'  •  •  ■ 

•'  =  4wW-".'+^) 

■oIto  eqnation  (268)  with  respect  to  x.    We  find 
_  15 ,       I,  y'Sg  _  ^,(15  -  i^33  _ 
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This  value  substituted  in  eq.  (269)  will  give  the  maximum  de* 
Section 

tr  =  v,  =  0.0054-^ (270) 

Then  find  the  maximum  bending  moment  from  eq.  (265)  by 
forming  the  first  differential  coefficient  of 

dM  3 

x=^^,  distance  of  maximum  bending  from  A,  or  from 

I)  =  l,^^l,^il,, (271) 

that  is,  half  way  between  D  and  F^ ,  Fig.  159,  as  might  have  been 
anticipated,  as  that  portion  of  the  beam  from  D  to  F^  is  equivalent 
to  a  beam  supported  at  both  ends  and  uniformly  loaded.  This  is 
also,  the  point  where  the  shear  is  zero,  as  seen  by  substituting  in 
the  general  value  of  S  for  the  shear  the  proper  values  of  R^  and  x, 

360.  It  only  remains  now  to  compare  the  values  thus  obtained 
with  the  same  quantities  for  beams  fixed  at  one  end  and  free  at  the 
other,  or  supported  at  both  ends,  of  the  same  length,  and  loaded 
with  the  same  weight  distributed  in  the  same  way,  so  as  to  deter- 
mine in  what  way  and  to  what  extent  a  continuous  beam  is  stronger 
or  stiff er  than  in  other  cases. 

Tl\ese  conditions  are  shown  in  the  following  diagrams.  For 
convenience  of  illustration  all  spans  are  supposed  to  be  equal  in 
length;  and  loads,  whether  single  or  distributed,  to  be  the  same  in 
amount  and  distribution.  The  left-hand  span  is  assumed  as  fixed 
at  one  end  and  supported  at  the  other,  the  middle  fixed  at  both 
ends,  and  the  right-hand  span  fixed  at  on^  end  and  free  at  the 
other. 

Let  I  =  ?,=  /,=  /, ;  W  =  W,  the  load  concentrated  at  the  middle 
of  the  spans,  and  wl  =  wl^  =  wl^  =  wl^,  the  uniformly  distributed 
loads  over  the  spans.  See  Fig.  160.  The  corresponding  spans  for 
comparison  are  shown  in  Fig.  161. 
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Let  DA  be  a  span  fixed  at  one  end  and  supported  at  the  other, 
and  D,A,  a  span  supported  at  both  ends. 

Assuming  first  a  single  load  W  —  W  at  the  centre, 

Keaction  and  shear  on  DA   at  D  —  R,  =;  S.  =  ^W; 
"      "      '•  D.A,"  D=E,' =  S,'=iW; 
Shear  "  DA    "  A  =  R,  =  8,  =  \iWi 
BeactioD  and  shear  on  D^A,  "  A  =R/  =  S,'=  ^W. 


Fra.  160. 


The  reaction  on  DA  at  A  =  S,  +  S,  =  R,  +  R,,  in  which  S, 
and  R,  are  the  shear  or  reaction  from  the  span  AB. 

Max.  bending  mom.  on  DA   at  ^  =  M/  =  RJ  — 5-     =  -^  Wl; 
«  «  «       «  j)ji^  "A  =  M'  =0; 

-  «  *       »  DA    ''e  =  3f, -R,^  =  ^Wl=  0.159 Wl; 

I 


«         *         *•      «  D,A,  "  G,=  M, 
Max.  deflection  of  AD  at  G 

=  «,  =  0.009 


~Wl  =  0.2&Wl. 


0.554;  from  A 
WP 


EI  ' 
Max.  deflection  of  A^D,  at  6",  =x=  0.5/  from  A 

=.,=i-=o.o.5i;. 


From  the  above 
henoe 

^-=f=j-^ 

F'=Hr=l.Bff; 
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that  is,  the  same  beam  fixed  at  one  end  and  supported  at  the  other 
ivill  carry  1.6  times  the  load  at  its  centre  that  it  will  carry  when 
simply  supported  at  both  ends. 

The  maximum  deflection  is  reduced  in  the  ratio  of  0.021 :  0.009, 

or  2.3: 1  =  ^-5-  of  the  deflection  when  simply  supported.    More 

material  is  required  at  A  to  resist  the  shearing  in  the  ratio  of  W  to 

\  =  1.38  as  much,  and  also  material  to  resist  the  bending  moment 

3  fl 

at  A,  -—  F'/  =  '^  =  nfbd^.    For  a  solid  rectangular  beam 
16  y        '  ° 

361*  For  the  same  beams  uniformly  loaded : 

Reaction  and  shear  on  DA    E^t  D  =  R^=^  8^=^  iwl\ 

''     "    D,A,  at  D  =R/  =  S/=  iwl: 

Shear  on  DA    at  ^  =  iJ,  =  5^,  =  ^wl: 

Beaction  and  shear  on  D^A^  at  A  =/2,'  =  /Si/=  iwL 

Reaction  at  A  =  R^  + R,  =  8^  +  8^; 
Max.  bending  moment  on  DA  at  ^  =  Jf/  =  RJ  —  iwP  =  iwP; 

"  "  "         "  D,A,  at  ^  =  Jf'  =  0; 

max.  bending  moment  on  DA  at  G 

=  M,  =  R,xil-iwlx  ^l=Th^l'; 

"  D,A^  at  0,  =  M,=  iwP; 
Max.  deflection  of  AD  at  (?  (a;  •=  0.5785Z  from  A,)v^  =  0.0054-^j; 

«  A,D,  at  ff,  {X  =  0.5?  from  ^,)  t;,  =  |  •  ^ "—. 

By  fixing  one  end  the  breaking  load  is  increased  in  the  ratio 
^\^W'  =ir;.-.  IT' =  1.78 FT.     The  deflection  is  reduced  in  the 

ratio  0.013  to  0.0054,  or  is  only  r—  that  when  supported  simply. 

Bending  moment  on  DA  at  A  has  to  be  provided  for. 

8  y 
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For  solid  rectaogular  sections,  therefore  bd"  =  2^7^* 

362.  Compsriog  dow  the  Bpana  AB  fixed  st  both  ends  and 
J),A,  supported  at  both  ends,  first  with  single  weight  at  centre 
of  spans : 

Shear  on  AB  at  ^  and  5  =  i  W; 
Beactions  and  shear  on  D,A^  at  Z*,  and  A,  =  iW; 
^e&ctioa&tA&adB  =  R,  +  R,  =  (ii  +  i)W=\iW; 
Max.  bending  moment  at  A  and  B  =  M/  =  ^W  X  il  =i Wl; 
"  I),aiidA,  =  M'  =0; 
on  A3  mde=:  M.  =iWi; 

"      "  D,A,  "  (?.=  JT.  =iyn; 

Max.  deflection  at  centre  of  span  AB  =  v,=  77^;-;^: 
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or  a  beam  with  fixed  ends  will  carry  twice  as  much  as  for  a  beam 
supported  at  both  ends. 

The  deflection  is  reduced  in  the  ratio  of  yiy  to  ^,  or  it  is  only 
}  of  that  caused  when  supported  at  both  ends. 
363.  The  spans  AB  and  D,A^  uniformly  loaded: 

Shears  on  AB  at  A  and  S  =  jw/; 
Keaction  and  shears  on  D,A^a.t  .0,  and  A,  =  iwl; 
Reactions  at  A  and  B  =  (^  -\-  i)jvl  —  \wl; 

Max.  bending  moment  on  AB  at  A  and  B  =  M,'  =  ^wP; 
"         "i>,^,ati),  and^,=  jIT   =  0; 
"  "  "         "  AB  at  centre    0  =  JH,   =  ^wP; 

"  "  "         "i?,J,  at  centreG,=  jW,   =  iwP; 

Max.  deflection  on  AB  at  centre  6  =  v,     =  jifW''; 

"  D^A,  at  centre        ^,=  v,     =  f-Aw/*. 


Then 


±<.-o<=f  4«.  .-...^r 
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or  the  beam  with  fixed  ends  will  carry  three  times  the  load  when 
supported  only.  At  the  points  A  and  B  the  moment  is  twice  as 
as  great  as  at  the  centre,  and 

For  solid  rectangular  beams  Id^  =  -^^r. 

The  deflection  is  reduced  in  the  ratio  3^  :  yf^,  or  \  of  that  for 
beams  only  supported. 

364.  The  last  case  that  will  be  taken  is  that  of  the  spans  BO 
fixed  at  one  end  and  free  at  the  other  and  B^C^  fixed  at  one  end 
and  supported  at  the  other.  For  this  span  the  same  moments, 
reactions,  shears,  and  deflections  will  be  taken  as  for  the  span  AD. 
Then  we  have  for  a  single  centre  load : 

Shear  at  B,,  R^^  S,-\\Wi 
Beaction  and  shear  at  By  J?/  =  iS/  =  W'y 

U  U  «  «     Q^   _    Q. 

Max.  bending  moment  on  J?,(7,  at  J?,  =  ^Tf7; 
«         "  "        "  BCziB     =iWl; 

*'         *'  ''        ''   Oand  C,    =0; 

*'         «  «        "  B,C,B,tG  =^Wl; 

"         *'  "        ''  BCAtQ,    =0; 

wv 

Max.  deflection  on  B^C^  at  G,  v^  =  0.009^7^:-; 

//cat©,,  r,  -  3     ^j.     -2^  ^j. 


Then 

Lw'l  =  ^  =  \wi;    .:W'  =  ~W=2MW. 

L\}  y  A  o 

The  deflection  is  reduced  in  the  ratio  0.042  :  0.009,  or  is  only 


4.67 

as  much  as  for  the  beam  with  one  free  end.  The  above,  however, 
is  equivalent,  neglecting  the  weight  of  the  beam  itself,  to  a  beam 
whose  length  is  only  ^Z,  or  that  of  the  beam  fixed  at  one  end  and 
supported  at  the  other. 
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366.  For  the  beams  uniformly  loaded: 

UeactioD  and  shear  on  B^C^  at  C,,  R,  =  S,  =  fw^; 
"      "      "  BO  at  C,R,'  =  S,'  =  0; 
Shear  on  B,C,  at  £„  R,  =  S,  =  ^l; 
Reaction  and  shear  on  BC  at   B,  R^  =  «S,'  =  wl; 
Max.  bending  moment  on  Bfi,  at  B,,  M^'  =  iio/*; 
"  BC&iB,     J/,  =4w/'; 
"  "  «         «   B,C,  at(?„J^,   =TtsK'r; 

«  «  «         "   i/Cat  G,      Jf,   =iwr-y 

Max.  deflection  of  B,C,  =  v,  =  0.0054  --; 

Comparing  bending  momenta  at  the  centre  of  the  spans, 

y|-gw'  =  |w;     .'.  w'  =  l.TSw. 

But  comparing  maximum  bending  momenta  at  S,  and  S, 

^'  =  ^to;    .',  V)'  =  4w; 

that  is,  the  beam  fixed  at  one  end  and  supported  at  the  other  vill 
carry  four  times  the  load  that  the  same  beam  will  carry  with  one 
end  free. 

The  deflection  is  reduced  in  the  ratio  of  0. 125  to  0.0054,  or  only 

^;r—  as  much  as  with  the  free  end. 

Other  similar  comparisons  can  be  readily  made  by  any  varia- 
tions desired  in  the  loading  and  supporting  or  fixing  the  ends. 

The  writer  is  aware  of  the  fact  that  some  authors  lay  but  little 
stress  upon  the  subject  of  continuous  beams,  and  often,  but  Tery 
slightly  at  best,  give  only  a  passing  allusion  to  it,  or  simply  give  a 
few  results  as  deduced  by  others.  The  writer  thinks  it  a  subject  of 
some  importance,  as  developing  interesting  relations  and  conditions 
and  also  of  considerable  practical  value;  he  has  consequently  dis* 
cuGsed  the  subject  with  some  detail. 
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In  Art.  XXXV  the  expression  for  slope  and  deflection  were  found 
to  be  1  =  -^  /  -Yj£^^  aDid  V  =  4i—  I  I  ri>  da:%andforuni- 

form  crossHsections  /  =  /,;  hence, -^'  =  -|^,  a  constant  for  any 
given  beam  supported  and  loaded  in  any  specified  manner.    Then 

also, 

from  which  conditions  the  values  of  the  constants  m"  and  n"  were 
found  as  given  and  used  in  the  preceding  paragraphs^  and  in  Art. 
XXXV.  If,  however,  the  cross-sections  are  not  uniform,  either 
varying  in  breadth  or  depth,  or  in  any  other  manner,  the  above  values 
of  m"  and  n"  would  not  apply ;  and  if  both  varied,  the  problem 
would  be  more  difScult  and  complicated. 


ART.  XXXVII. 
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366.  As  both  the  bending  moments  and  shearing  stresses  vary 
from  point  to  point  or  from  maximum  to  minimum,  it  is  evident 
that  it  is  not  necessary  to  provide  the  same  amount  of  material  at 
all  points  to  resist  the  action  of  these  external  forces  and  mo- 
ments. In  open-work  structures,  such  as  cantilevera  or  brackets  to 
support  balconies  or  platforms,  and  in  open-work  frames  or  trusses, 
as  trassed  beams  and  bridge  trusses,  as  also  in  solid-built  girders, 
these  principles  are  taken  advantage  of,  both  to  save  material  and  for 
ornamental  purposes.  The  laws  according  to  which  these  changes 
in  dimensions  can  be  made  will  be  discussed  in  this  article.  So  far 
as  resistance  to  bending  alone  is  concerned,  both  the  breadth  and 
depth  can  be  diminished  from  their  greatest  values  at  the  point  of 
maximum  bending  moment  to  nothing  at  the  point  of  zero  bend- 
ing;  but  since  in  beams  supported  at  both  ends  the  shearing 
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stress  increases  from  the  point  of  maximum  beiiding  to  the  point 
of  zero  bending,  it  becomes  necessary  to  provide  uiaterial  to 
to  resist  the  shears.  For  solid  timber  beams  this  will  vary  from 
one  third  to  one  half  the  maximum  croes-sectiou  of  the  beams. 
Disregarding,  however,  the  necessary  material  to  resist  shearing, 
the  laws  of  change  can  be  easily  found  by  oomparing  the  general 
values  of  the  maximum  bending  momenta  with  general  bending 
moment,  at  any  other  point.  Either  the  breadth  b  or  the  depth  d  is 
generally  constant. 

1.  For  a  beam  fixed  at  one  end  and  loaded  with  a  single  weight 
at  the  other, 

M,  =  mWl  —  nJiiP,  and  M  =  mWx  =  n/bji'; 


mWx  _  n/b,d,'  _x  _  bjd^ 
m  Wl  ~  ufbd*  ~1~  bd" 

For  oonatant  breadth,  b  =  b^; 

■  ■■  d:=-j^. (272) 

Eq.  373  is  that  of  a  parabola;  henoe  the  depth  variee  as  the  op 
dinate  of  a  parabola.     (See  Fig.  162.) 
If  the  depth  d  is  constant,  d'  =  d*; 

•■■»,  =  (-"'. (2r3). 

which  is  the  equation  of  a  straight  line;  that  is,  the  breadths  are 
ordinates  of  a  triangle.     (See  Fig.  163.) 
If  the  beani  is  uniformly  loaded,  we  would  have 


dinate  of  a  triangle.     (SeeFig.  164.)     If  the  depth  is  constant,  then 
J,  =   j;',  which  is  also  the  equation  of  a  parabola.     (See  Fig.  165.) 
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For  beams  supported  at  both  ends  and  loaded  with  a  single 
-weight  W  at  the  centre  each  reaction  will  be  -^  and  i/,  =  J  Wl, 

andir=iTra;;    /.  -^^  =  x^.     If  breadth  is  constant,  d^'  = 


m 


bcP 


2€r 


-j-^9  and  the  depth  would  vary  as  the  ordinates  of  two  parabolas 
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meeting  at  the  centre  with  vertices  at  the  points  of  support  (see 
Fig.  166) ;  and  if  depth  is  constant,  then  b^=  jx,  or  as  the  ordinates 
of  two  triangles  with  a  common  base  equal  to  greatest  breadth  of 
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beam  and  vertices  at  the  points  of  sapport.    (See  Fig.  166^.)   When 
uniformly  loaded, 

M,  =  iter;  M=  ~x-~=  nfb.d;  and  ^V  =  nfbd'. 

If  the  depths  are  conatant,  n/d"  i  nfd*  =  -^. 

vil        iox'        b.fi'P  ,     _       .    ,,         ,    ,  , 

.".  -^x ^  =  -^ ;    .■-  o,wr  =  itoblx  —  itobx'i 


Equation  (374)  is  that  of  a  parabola  vertex  at  the  centre  of  the 
beam,  the  length  of  the  beam  being  a  double  ordinate.     (See  Fig. 

167.)    If  the  breadth  is  constant,  b  =  &,,  and  n/^,  =  nfb  =  -^  „; 

mix  WX'         wPd'  /i»-j;\ 

■'■  ~r  ~  ~^  -  ~8d^ *^'^' 

.■.  iwd'lx  —  id'wx'  —  wrd',  the  equation  of  an  ellipee,  with  origin 

I 
at  one  of  the  points  of  support.     Making  a:  =  T  —  ^i-  *°'J  subeti- 

tuting,  we  have  Pd' +  id'x^'' =d*r;  or,  if  l=2c,  there  results 
c'rf,*  +  d'x'  =  c'd',  which  is  the  equation  of  an  ellipse  with  the 
origin  at  the  centre.     (See  Fig.  IGS.) 

So  far  aa  timber  beams  are  concerned  the  above  relations  are  not 
of  much  value,  except  that  in  cantilever  beams  they  show  that  the 
amount  of  material  can  be  reduced  towards  the  free  end,  or  that 
the  beam  can  be  formed  or  cut  in  scrolls  or  other  ornamental 
shapes,  bat  there  is  no  economy  of  material  resulting.  But  in  iron 
beams  considerable  material  may  be  saved,  and  at  the  same  time 
the  beams  can  be  formed  into  ornamental  shapes  of  either  solid  or 
open  work,  aa  in  the  brackets  supporting  balconies  or  projecting 
platforms.  Sufficient  area  of  material  mnet  be  left  at  the  ends  to 
resist  the  shearing  force — from  one-si.xth  to  one-half  of  the  largeai 


PART  IL 

AET.  XXXVIII. 

CONSTRUCTION. 

367.  Ik  the  preceding  pages  inclnded  in  Part  I  all  of  the 
essential  principles  necessary  in  the  construction  of  engineering 
works  have  been  elaborated  and  fnlly  discussed.  In  this  part  of 
the  Tolume  the  application  of  those  principles  to  the  design  and 
construction  of  engineering  works  will  be  made. 

Whatever  the  nature  of  the  structure,  of  whatsoever  material 
constructed — timber,  stone,  brick,  concrete,  iron,  or  steel — and  for 
whatever  purpose  constructed,  they  all  require  good  and  safe 
foundation-beds  and  foundations;  the  foundation-beds  consisting 
of  the  natural  materials  of  the  earth,  such  as  rock,  gravel,  sand, 
clay,  or  silt,  and  the  foundations  consisting  of  those  structures 
resting  directly  on  the  foundation-beds  and  reaching  to  the  sur- 
face of  thiB  ground  or  water,  whether  of  timber,  stone,  brick,  con- 
crete, or  iron. 

A  discussion  of  these  subjects  necessarily  requires  a  discussion 
of  the  means  necessary  to  reach  safe  foundation-beds,  and  to  render 
the  construction  of  the  foundation  both  convenient  and  safe. 
These  means  will  be  discussed  under  their  appropriate  heads. 

FOUXDATION-BEDS  AND  FOUNDATIONS. 

368.  Having  determined  the  weight,  magnitude,  importance 
and  design  of  any  given  structure,  it  is  then  necessary  to  deter- 
mine the  kind  of  foundation -bed,  the  kind  of  foundation,  and  the 
means  of  reaching  the  one  and  of  constructing  the  other. 

869.  Foundatiotir-bed, — The  proper  character  of  the  founda- 
tion-bed to  be  adopted  depends,  first,  upon  its  capacity  to  bear 
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safely  the  load  of  the  etrncture  (this  is  usually  reduced  to  eome  in- 
tensity or  weight  per  unit  of  area — -either  the  square  foot  or  the 
square  inch);  second,  upon  the  permanence  or  stability  of  the  ma- 
terial (this,  when  its  bearing-power  is  sufficient,  is  commonly  depend- 
ent upon  our  ability  to  protect  it  frona  the  injurious  effects  of  alter- 
nately freezing  and  thawing,  and  from  the  presence  of  water, 
especially  running  water) ;  and,  third,  the  comparative  cost  required 
to  reach  a  material  of  sufficient  bearing  reeistance  in  itself  and  that 
required  to  make  »  material  of  insufficient  bearing-power  in  itself 
capable  of  carrying  the  load  safely  by  artificial  means,  such  as 
spreading  the  base  so  as  to  cover  a  large  area,  thereby  reducing  the 
unit  pressure  within  safe  limits,  or  compacting  and  consolidating 
the  material  by  driving  piles,  or  other  similar  means. 

370.  Bearing-power  of  Materials. — Any  of  the  kinds  of  rock, 
such  as  granite,  limestone,  sandstone,  and  slate,  can  be  safely  relied 
upon  to  carry  the  weight  of  any  structure  likely  to  bo  bnilt.  The 
weakest  form  of  limestone,  namely,  chalk,  has  an  ultimate  resistance 
to  crushing  of  0.5  ton  per  square  inch  or  ~2  tonsper  square  foot;  the 
weakest  sandstones,  0.83  ton  per  square  inch  or  1 20  tons  per  square 
foot:  the  ordinary  building-stones  have  a  crushing  resistance  of 
from  150  to  500  tons  per  square  foot;  and  granites  and  trap-rocks 
range  us  high  as  700  to  bUO  tons  per  square  foot:  whereas  the 
greatest  pressure  that  is  borne  at  the  base  of  St.  Paul's  Cathedral 
does  not  exceed  14  tons  per  square  foot,  and  iu  St.  Peter's,  Home,  it 
is  only  about  15^  tons  per  square  foot.  These  are  unnsnatly  great 
pressures;  whereas  the  above  resistances  have  been  determined  by 
crushing  small  cubes  of  from  2  to  1^  inches  on  each  edge.  These 
resistances  are  small  as  compared  with  those  of  the  same  stone  iu 
large  masses.  It  is  usually  stated  that  the  load  should  not  exceed 
from  one  tenth  to  one  eighth  the  resistance  of  the  stone,  this  limit 
will  rarely  be  approached.  Loose  and  decayed  portions  of  the  stone 
at  the  surface  should  always  be  removed.  When  this  is  done  frost 
alone  will  destroy  its  permanency  or  stability. 

371,  With  respect  to  all  other  earthy  materials  there  is  even  ai 
the  present  time  a  want  of  reliable  knowledge  of  their  bearing  powers 
and  of  the  safe  loads  to  place  upon  them.  This  is  due  primarily 
to  the  want  of  thorough,  sufficient,  and  systematic  experiments  to 
determine  the  bearing  resistances  for  loads,  whether  applied  only 
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once  and  for  a  short  period  of  time,  or  continuously  applied  over  a 
long  period. 

It  is  well  known  that  in  some  materials  a  structure  will  settle 
gradually  and  continuously  for  months  or  even  years  after  comple* 
tion.  This  settling  may  not  exceed  a  small  fraction  of  an  inch  per 
month,  or  it  may  amount  to  several  inches  during  the  same  time. 
This  may  result  in  simply  compacting  a  more  or  less  porous  soil, 
thereby  squeezing  out  any  contained  moisture.  In  such  cases  the 
material  will  be  in  a  short  time  capable  of  resisting  permanently 
and  without  further  settlement  the  load  resting  upon  it,  or  it  may 
result  in  the  bulging  up  of  the  material  surrounding  the  structure, 
in  which  case  it  may  continue  to  settle  dnring  a  long  period,  and 
even  at  an  increasing  rate  due  to  the  diminution  in  the  adhesiveness 
and  oompactness  of  the  mass,  thereby  increasing  the  injurious  effects 
arising  from  the  presence  of  moisture  accompanied  by  freezing  and 
thawing.  The  settlement  in  the  one  case  insures  the  ultimate  sta- 
bility of  the  structure,  and  in  the  other  leads  inevitably  to  its 
destruction. 

372.  Some  varieties  of  earthy  material  resemble  both  in  their 
bearing  power  and  permanency  ordinary  rock.  These  materials 
are  not  affected  by  the  presence  of  water,  and  do  not  settle  under 
the  heaviest  loads  used  in  practice.  These  materials  are  called 
conglomerates,  cemented  gravel,  or  hardpan.  They  are  commonly 
composed  of  pebbles  and  river- jacks  cemented  together  by  siliceous, 
calcareous,  or  argillaceous  materials  usually  containing  iron. 

And  finally  there  are  soft,  alluvial,  and  silty  materials  which 
are  practically  incapable  of  bearing  any  considerable  loads  directly, 
and  must  be  compacted  by.  driving  piles  over  the  space  to  be  occu- 
pied by  the  structures,  or  must  have  the  superincumbent  loads  dis- 
tributed over  large  areas  by  platforms  of  brush,  logs,  planks,  sand, 
gravel,  or  broken  stone. 

Between  these  extremes  of  rock  and  soft  alluvial  materials  an 
almost  infinite  variety  of  materials  and  combinations  of  materials 
is  found. 

For  practical  purposes,  however,  all  such  materials  may  be  classi- 
fied or  grouped  under  four  heads.  The  materials  composing  each 
of  these  groups  must  be  prepared  and  loaded  differently,  according 
to  the  cost,  magnitude,  and  importance  of  the  structure  to  be  placed 
upon  them.     This  requires  the  exercise  of  good  judgment. 
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373.  Classification  of  Materials  for  Foundation  -  Ms. — Ist, 
Those  baving  ample  bearing  resistance  and  whose  stability  is  not 
affected  by  the  presence  of  water,  but  may  be  more  or  leas  impaired 
by  alternately  freezing  and  thawing,  such  as  rock,  cemented  gravel 
or  stones,  and  other  similar  materials  which  can  be  safely  loaded 
with  from  100  to  1000  pounds  per  square  inch  or  from  14,400  to 
144,000  pounds  per  square  foot.  The  intensity  of  pressure  arising 
from  the  heaviest  structures  of  the  present  day  does  not  exceed 
from  200  to  300  pounds  per  square  inch  or  from  28,800  to  43,200 
pounds  per  square  foot  We  may  therefore  conclude  that  any  but 
the  softest  materials  of  this  class  will  carry  safely  the  heaviest  loads 
required  at  the  present  day,  and  that  all  of  them  will  carry  safely 
the  ordinary  heavy  structures. 

2d.  Those  earthy  materials  whose  stability  is  not  affected  by 
the  presence  of  water,  that  is,  standing  water.  Such  materials  may 
be  conipresaible  to  a  limited  extent  even  under  reasonable  loads, 
and  may  under  excessive  loads  give  way  by  displacement  or  bulging 
up  around  the  structure.  The  presence  of  water  in  such  materials 
may  to  some  extent  impair  the  stability  by  acting  as  a  lubricant 
and  thereby  reducing  the  friction  between  the  grains  or  separate 
pieces.  In  this  class  may  be  included  gravel,  coarse  sand,  river- 
jacks,  and  mixtures  of  these  materials.  Such  materials  certainly 
when  dry  will  carry  safely  42  pounds  to  the  square  inch  or  6000 
pounds  (2.7)  tons  to  the  square  foot.  As  a  matter  of  precaution 
and  in  the  absence  of  accurate  data  it  would  be  better  to  make  the 
load  only  one  half  of  the  above  amounts  if  standing  water  is  pres- 
ent, and  not  to  build  on  it  at  all  if  exposed  to  the  sconring  action  of 
running  water  or  even  liable  to  be  thus  exposed. 

3d.  Those  earthy  materials  affected  by  the  presence  of  standing 
water,  and  which  may  be  compressible  to  a  limited  extent  even  when 
dry,  or  at  most  only  containing  a  small  amount  of  moisture,  will  cer- 
tainly give  way  by  displacement  and  bulging  in  the  presence  of  water. 
In  this  class  may  be  included  fine  sand,  clay,  and  mixed  earths,  such 
as  loam,  a  merhanical  mixture  of  sand  and  clay,  and  marl,  a  mix- 
ture of  carbonate  of  lime  and  clay.  Unless  these  materials  are 
found  in  a  dry  state  or  can  be  drained,  and  water  can  be  sabse- 
quently  kept  from  them  either  by  surface  or  subsoil  drains,  it  is  not 
safe  to  bnild  on  them  at  all  without  resorting  to  special  and  usually 
unnecessary   and   expensive  means  of   holding  or  confining  the 
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material.  When  dry  they  can  be  kept  dry.  A  layer  of  sand  10  or 
15  feet  thick  can  be  safely  loaded  with  28  pounds  per  square  inch 
or  4000  pounds  (1.8  tons)  per  square  foot.  A  layer  of  pure  clay  of 
the  above  thickness,  either  alone  or  mixed  with  gravel,  can  be  safely 
loaded  with  24  pounds  per  square  inch  or  3500  (1.6  tons)  pounds 
per  square  foot.  A  mixture  such  as  loam  or  marl  should  not  be 
loaded  with  more  than  20  pounds  per  square  inch  or  at  most  3000 
(1.3  tons)  pounds  per  square  foot. 

Some  authorities  state  that  any  kind  of  sand  when  mixed  with 
a  small  amount  of  clay  will  form,  when  saturated  with  water,  a 
quicksand,  which  is  absolutely  unstable,  and  will  run  or  flow  like 
water;  others,  that  it  must  be  in  a  state  of  impalpable  powder,  so 
that  either  alone  or  mixed  with  clay  it  will  seemingly  float  or  be 
suspended  in  the  water.  This  latter  condition  would  seem  to  be 
more  consonant  with  reason,  and  certainly  with  the  writer^s  ex- 
perience. Any  finely  divided  earthy  substance  will  form  a  mixture 
with  water  which  will  flow  freely  when  unrestrained,  and  yet  may 
contain  only  a  small  per  cent  of  fine  sand.  This  is  usually  desig* 
nated  as  quicksand,  and  will  be  so  considered  in  this  volume.  This 
material  cannot  be  drained.  It  is  the  most  troublesome  material 
with  which  the  engineer  has  to  deal. 

A  homogeneous,  compact  clay  is  but  little  affected  by  running 
water — ^that  is,  there  is  little  danger  of  scouring  out;  but  it  forms 
mud  when  mixed  with  water,  and  consequently  has  little  bearing- 
power  or  stability  when  in  this  condition.  Sand,  coarse  or  fine,  and 
gravel,  on  the  other  hand,  may  not  be  affected  by  standing  water, 
but  readily  scours  out  when  exposed  to  running  water. 

4th.  Earthy  materials  such  as  clay  and  fine  sand,  mixed  with 
water,  and  the  soft  alluvial  or  marshy  soils,  can  only  be  depended 
upon  to  carry  very  small  loads  directly,  and  require  special  treat- 
ment when  required  to  sustain  heavy  and  important  structures, 
which  treatment  will  be  described  later. 

HETHODS  OF  DETEBMINING    THE   BEABING-POWEB  OF  MATERIALS. 

374.  For  the  materials  of  the  first  class  it  is  usual  to  actually 
crush  small  cubes,  say  2  inches  on  the  edge,  having  4  square  inches 
of  surface  on  each  face  and  containing  8  cubic  inches. 

For  the  materials  of  the  second  and  third  classes  the  usual 
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practice  is  to  excavate  smtill  pits  or  shafts  of  different  depths  beiov 
the  surface,  aay  2,  i,  6,  and  8  feet.  In  these  pits  a  stick  of  timber, 
which  should  not  be  smaller  in  croas-sectlonal  dimensions  than 
13  X  13  inches,  is  placed  in  a  vertical  position.  Weights  are  then 
placed  gradually  and  uniformly  on  its  top,  and  increased  until  a 
decided  settling  takes  place;  this  may  or  may  not  be  accompanied 
by  a  perceptible  bulging  up  of  the  surrounding  material.  Careful 
observations  should  be  made  by  the  use  of  a  level,  or  by  an  index 
or  string  carefully  stretched  beforehand  and  adjusted  so  as  to  touch 
the  top  of  the  stick  or  some  point  or  line  marked  oa  Its  face  or 
edge,  to  determine  the  lirst  or  initial  settling;  and  also  at  intervals 
to  determine  the  rate,  of  settling,  and  finally  the  total  amount  of 
settlement  under  a  predetermined  load.  If  the  settling  ceases 
after  a  time,  the  stick  and  load  should  be  left  in  position,  and  daily 
observations  should  be  made  for  at  least  a  month  in  order  to  deter- 
mine any  settling  that  may  arise  from  the  continued  action  of  the 
load.  Similar  observations  should  be  made  with  smaller  loads  than 
the  predetermined  one,  if  any  appreciable  and  continued  settling 
occurs  under  it.  The  points  to  be  noted  are :  (1)  the  least  load  that 
produces  appreciable  settling,  (3)  the  extent  and  rate  of  settling 
under  this  load,  (3)  the  effect  of  the  continued  application  of  the 
load.  Similar  observations  should  be  made  with  each  increment  of 
100  pounds,  more  or  less. 

For  the  softer  varieties  of  these  materials  the  base  of  the 
column  may  be  increased  to  2, 3,  or  4  square  feet  of  bearing  surface; 
and  for  marshy  soils  it  may  be  still  f urtlier  increased  to  6  or  8  or 
more  square  feet. 

In  order  to  determine  whether  settling  arises  from  simply  com- 
pacting the  material,  or  from  displacement  and  bulging  upward, 
a  series  of  stakes  should  be  driven  surrounding  the  pit,  the  tops  of 
which  are  sawed  off  to  the  same  elevation.  Any  change  in  these 
elevations  would  indicate  both  the  fact  and  the  extent  of  bulging. 

If  piles  have  been  driven  either  into  the  firmer  soils,  such  as 
gravel,  clay,  or  sand,  which  is  often  done,  or  into  the  quick  and 
softer  alluvial  soils,  a  platform  can  be  constructed  resting  on  1,'i, 
or  4  piles,  and  loaded  until  settlement  takes  place;  similar  observa- 
tions to  those  above  mentioned  being  made. 

All  such  experiments  should  be  made  at  that  season  of  the  year 
most  unfavorable  for  bearing  resistance  of  the  material.     If  at  thia 
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season  the  surface  of  the  ground  is  frozen^  the  frozen  material 
should  be  removed  for  a  considerable  area  around  the  pit. 

If  a  soft  stratum  underlies  a  firmer  one^  the  test  should  be 
made  at  that  depth  in  the  firmer  material  required  for  the  bottom 
of  the  foundation-walls,  noting  both  the  total  thickness  of  the  firm 
stratum  and  also  the  thickness  remaining  after  the  necessary  ex- 
cavation. The  pit  should  also  be  excavated  entirely  through  the 
firmer  stratum,  so  that  the  bearing  power  of  the  underlying  soft 
stratum  may  be  independently  determined.  This  latter  load 
would  indicate  the  minimum  bearing  resistance,  that  on  the 
firmer  soil  the  maximum,  the  firmer  soil  serving  to  distribute  the 
pressure  over  a  larger  area  of  the  softer  soil  by  virtue  of  its  trans- 
verse strength,  which  would  vary  with  the  thickness  of  the  stratum 
and  the  toughness  of  the  material.  Some  soils  with  little  cohesive 
and  adhesive  strength,  being  brittle,  will  carry  a  load  up  to  a  cer- 
tain amount  and  then  break  along  the  outside  lines  of  the  structure 
under  even  a  small  settlement.  Such  materials  cannot  be  relied 
upon  to  act  as  a  beam  in  distributing  the  pressure,  and  the  bearing 
resistance  of  the  softer  stratum  will  be  a  measure  of  the  safe 
weight  of  the  structure.  In  such  cases  the  determination  of  the 
safe  load  between  the  maximum  and  minimum  loads,  as  determined 
by  the  experiments  above  mentioned,  is  difficult  owing  to  our  inabil- 
ity to  determine  the  transverse  strength  of  a  layer  of  any  kind  of 
earth.  Good  judgment  based  upon  the  data  obtained  by  experi- 
ment is  alone  to  be  relied  upon. 

So  long  as  the  settlement  increases  uniformly  and  in  the  same 
proportion  as  the  increase  in  the  load,  it  may  be  taken  as  indicat- 
ing that  the  material  is  acting  as  a  beam;  but  when  the  settlement 
increases  at  a  more  rapid  rate  than  the  increase  of  the  load,  and  in 
an  irregular  manner,  it  will  be  safe  to  conclude  that  we  have  ex- 
ceeded the  limits  of  safety.  By  deductions  from  e:t^periments 
made  in  this  manner  Gen.  Wm.  Sooy  Smith  concluded  that  the 
firm  clay  found  underlaid  by  a  softer  material,  in  the  city  of 
Chicago,  would  carry  safely  a  load  of  4000  pounds  per  square  foot. 
This  result  was  confirmed  by  Mr.  Kaukine's  formula  for  tiie  bear- 
ing power  of  soft  materials,  viz.. 
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The  theory  upon  which  this  formula  is  based  will  be  explained 
in  another  article.  ABSuming  the  angle  of  repose  of  wet  clay  to  be 
15°  =  0,  the  depth  of  foundation- bed  13  feet  =  x  below-the  soi- 
face,  and  the  weight  of  a  cnbic  foot  of  the  material  itself  =  130 
pounds  =  w',  hence  W=  120  X  13  X  2.9  =  4521  pounds  per  square 
foot  of  foundation- bed.  In  these  experiments  a  tank  was  placed 
on  top  of  a  timber  12  x  llj  inches;  into  this  tank  water  was  allowed 
to  Sow  gradually  and  without  shock,  and  the  tests  were  made  with 
weights  varying  from  the  weight  of  the  stick  and  tank,  1210  pounds, 
to  9000  pounds.  Up  to  4800  ponnds  settlement  varied  nearly  as 
the  load,  the  total  at  this  load  being  ^  inches,  which  is  rather  in 
excess  of  the  permissible  settlement  of  about  3  inches.  At  9000 
pounds  the  settlement  amounted  to  I2f  inches  in  40  hours. 

The  firm  stratum  above  depressed  only  j  inch  under  7000 
pounds  in  63  hours,  which  was  the  longest  time  test. 

Table  XLVI. 
conclusions. 

Safe  loads  per  square  foot 

for  alluvial  soils ^to  1    ton,  or  1120  to  2240  lbs. 

Ordinary  earth 1    to  14ton8,or  2340  to     3360  " 

Dry  Hand,  clay,  and  gravel 

and  sand li  to  2^    "    or  3360  to  5600  " 

Moist  clay  and  moist  sand  1    to  2      "    or  2240  to  4000  " 

Layer  of  clay  on  quicksand  1    to  2      "    or  2340  to  4000  " 

Eock 10    to  15      "    or  22,400  to  33,600  « 

It  might  be  said  that  the  extent  of  settlement  of  a  perfectly 
homogeneous  substance,  loaded  with  an  equal  weight  on  each 
square  foot  of  bearing  surface,  would  be  immaterial,  whether  it 
amounted  to  an  inch  or  to  several  feet,  as  under  such  circum- 
stances no  injury  would  occur  to  the  stnicture  above.  And  there 
are  instances  of  structures  settling  6  inches,  1,  1^,  and  even  4  feet, 
partly  during  construction  and  partly  afterwards.  The  struc- 
tures still  stand,  usually,  however,  with  more  or  less  extended 
cracks.  Such  settlements  are  rarely  uniform  under  all  parts  of  the 
structure,  owing  to  a  want  of  uniformity  in  material  or  load,  or  iu 
both. 
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In  addition^  any  considerabto  degree  of  settlings  although  it 
does  not  result  in  serious  damage,  may  impair  its  usefulness  or 
produce  great  inconvenience,  such  as  depressing  floors  below  the 
street  or  sidewalk  levels,  throwing  bridge  spans  out  of  level,  and 
piers  oat  of  plumb.  It  is  necessary,  therefore,  to  determine  upon 
some  maximum  settling,  say  from  3  to  5  inches,  beforehand,  and 
so  proportion  the  loads  that  this  will  not  be  exceeded ;  and  for 
this  allowancev  must  be  made  in  designing  and  erecting  the 
structures,  so  that  ultimately  all  portions  may  reach  their  proper 
position. 

To  determine  these  questions  in  advance,  it  will  be  necessary 
to  ascertain  the  thickness  and  character  of  each  layer  from  the 
surface  to  the  underlying  bed-rock,  when  this  is  not  more  than 
100  feet  below  the  surface. 

THE   DETERMINATION  OF  THE  CHARACTER  OF  THE  STRATA. 

876.  The  thickness  and  nature  of  the  strata  of  earthy  substances 
can  be  aiBcertained,  first,  by  sinking  shafts  or  pits;  and,  second,  by 
sounding  or  boring.  The  first  in  some  respects  is  the  best,  but  it  is 
slow  and  expensive.  The  second  is  the  more  rapid  and  economical, 
but  may  or  may  not  be  satisfactoi7.  The  method  by  sinking  shafts 
will  be  described  in  another  article. 

Where  great  depths  are  not  necessary,  an  iron  rod  can  be 
driven  into  the  soil;  this  is  likely  to  be  very  deceptive,  and  may  be 
entirely  misleading.  A  large  auger  from  2  to  3  inches  in  diameter 
can  be  screwed  from  10  to  15  feet,  or  even  20  feet,  into  the  ground; 
by  this  method  samples  of  the  materials  may  be  brought  to  the 
surface,  but  it  is  usually  necessary  to  use  a  great  deal  of  water, 
which  renders  the  exact  nature  and  condition  of  the  materials 
uncertain.  The  third  method  is  the  same  as  has  been  used  in 
sinking  glazed  earthenware  pipes  to  obtain  a  supply  of  water. 
Very  great  depths  can  be  reached  by  this  method.  Successive  pipes 
are  placed  one  on  the  other  as  they  sink  into  the  soil.  The  linking 
is  effected  by  buckets  having  a  flap-valve  at  the  bottom  opening 
upwards,  the  sides  of  the  buckets  extending  a  little  below  the  valve- 
seat  so  as  to  form  a  cutting  edge.  A  bucket  is  lifted  up  a  few 
feet  and  allowed  to  drop  down  the  pipe,  the  material  is  cut  up  and 
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forced  through  an  opeoing  at  the  bottom  mto  the  backet,  and  at 
JDtervale  of  time  the  bucket  is  lifted  up  and  costente  emptied. 
Either  by  its  own  weight  or  bj  weights  added  on  top  the  pipe  sinks 
gradually. 

This  ia  the  same  principle  as  that  upon  which  large  cylinders 
are  sunk  to  great  depths  for  the  foundations  of  many  large  strDc- 
turee,  the  maia  difference  being  in  the  mode  of  lifting  ont  the 
material.  This  is  more  satisfactory  than  either  of  the  two  other 
methods  described.  It  also  requires  the  use  of  much  water.  Bat 
by  resorting  to  the  method  now  to  be  described  entirely  satisfactory 
results  can  be  reached. 

The  fourth  method  consists  in  first  forcing  into  the  soil  an  iron 
pipe  about  1^  inches  in  diameter;  a  smaller  pipe  is  inserted  into 
this,  which  has  a  chisel-shaped  bottom  section  about  one  foot  lon^; 
in  this  section  are  two  small  opeoings  near  the  lower  edge.  Water 
is  forced  into  this  smaller  pipe  (i  inch  in  diameter)  by  means  of  a 
force-pump;  this,  issuing  through  the  email  openings  with  great 
pressure,  loosens  the  material,  which  with  the  water  rises  up 
between  the  two  pipes  and  overflows  at  the  top;  as  this  is  going  on 
the  pipe  sinks.  The  larger  pipe  may  or  may  not  be  forced  down 
with  the  smaller  one.  At  intervals  of  a  few  feet  in  depth  the 
smaller  pipe  can  be  taken  out,  the  bottom  section  removed,  and  a 
small  open  brass  section  substituted,  which  is  then  forced  about  a 
foot  into  the  material  below  the  bottom  of  the  hole,  and  when 
lifted  out  it  brings  a  sample  of  the  material  just  as  it  exiats  in  the 
strata.  Rapid  progress  can  be  made  by  this  method,  and  entirely 
satisfactory  information  obtained.  The  importance  of  boring  and 
sounding  cannot  be  overestimated  in  determining  the  proper  depth 
for  the  foundation-bed,  and  they  should  be  made  in  sufiScient  num- 
bers, at  the  site  of  every  important  structure,  to  furnish  full  and 
reliable  information.  Safety  and  ultimate  economy  both  impera- 
tively demand  it. 

376.  Having  determined  the  character,  thickness,  depth,  and 
the  safe  load  for  the  stratum  upon  which  the  structure  is  to  be 
built,  the  most  economical  and  expeditions  means  of  reaching  this 
stratum  must  be  decided  upon.  This  will  depend  upon  the  mag- 
nitude and  importance  of  the  structure,  the  purposes  for  which 
the  Btmctore  is  to  be  built,  and  whether  the  stmctnre  ia  to  be 
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built  on  dry  land^  in  soft  and  marshy  soils^  or  in  water  of  a  greater 
or  less  depth. 

377.  The  proper  means  of  reaching  the  foundation-beds,  or^  as 
it  is  usually  called y  constructing  the  foundation. — In  this  connec- 
tion the  magnitude  and  importance  of  a  structure  simply  resolve 
themselves  into  a  question  of  weight  and  safe  loads  per  unit  of 
area  of  bearing  surface,  and  need  not  be  further  considered. 

The  purposes  for  which  structures  are  built  are: 

(1)  Houses  of  any  description,  and  particularly  what  are  now 
called  high  buildings,  fifteen  to  twenty  or  more  stories  in  height. 
These  are  usually  built  on  dry  land,  and  may  rest  on  rock,  or  dn 
firm  or  soft  earth ;  but  often  now,  from  the  great  weights  involved, 
may  require  special  means  of  insuring  stability,  such  as  broad  bases 
of  concrete,  or  timber  grillages  or  platforms,  piles  driven  into  or 
through  the  ordinary  earthy  soils  to  rock  or  other  hard  and  com- 
pact materials;  and,  finally,  sinking  shafts,  cylinders,  or  even 
caissons  to  the  hard  underlying  material. 

(2)  Retaining-walls,  piers,  and  abutments  of  bridges,  arches,  and 
viaducts  on  land,  marshes,  or  water,  which  require  the  same 
methods  of  reaching  foundation-beds  as  described  above  for  high 
buildings. 

(3)  Structures  in  water,  usually  piers  and  abutments  of  high 

bridges,  viaducts,  and  arches.    These  require  special  methods,  as 

in  such  cases  it  is  commonly  desirable  or  necessary  to  reach  rock, 

•or  at  least  some  firm  material,  at  depths  ranging  from  fifty  to  one 

hundred  feet  or  more  below  the  beds  of  the  streams  or  rivers,  in 
-order  to  get  below  any  possibly  injurious  action  of  the  currents, 
which,  even  when  opposed  by  comparatively  small  obstructions, 
cause  a  scouring  out  of  the  materials  to  great  and  uncertain 
depths. 

(4)  Foundations  for  earthen  or  masonry  dams,  for  canals,  locks, 
and  the  embankments  or  walls  of  storage  reservoirs.  Greater  care 
in  many  respects  is  required  for  the  foundation-beds  of  these  struc- 
tures than  for  any  of  those  already  mentioned. 

(5)  Foundations  for  highways  and  streets.  These,  while  not 
requiring  such  great  depths,  are  of  the  greatest  importance  and 
require  special  methods  of  construction. 

So  far  as  principles  and  practice  are  concerned,  all  classes  and 
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kinds  of  structures  will  find  their  counterparts  in  the  one  or  the 
other  of  the  above-described  structures. 

The  coDBtruction  of  the  foundations  for  each  of  the  above 
types  of  structures  will  be  described.  The  same  methods  will  be 
found  in  Bome  conditions  to  apply  to  each  of  the  first  four  classes, 
and  will  be  described  only  once,  under  the  head  of  Beep  and  Diffi- 
cnlt  Foundations,  as  the  methods  and  principles  of  constraction 
will  be  the  same;  the  only  difference  being  in  the  dimensions  of 
the  designs  used  and  the  depths  to  which  they  have  to  be  sunk. 

ORDINABT  HOUSE-WALLS. 

378.  For  bouses  three  or  four  stories  in  height  the  walls  are 
usually  made  from  one  brick  to  a  brick  and  a  half  in  thickness  at  the 
top,  that  is,  from  8  to  13  inches,  and  for  the  basement  story  about 
Zi  bricks  or  20  inches.  The  footing  courses  increase  this  1-^  to 
2  times,  or  from  30  to  40  inches  in  thickness,  which  gives  from  SJ 
to  3^  square  feet  of  base  or  bearing  area  per  linear  foot  of  walL 
This  at  3000  pounds  per  square  foot  of  foundation-bed  would  only 
carry  7500  pounds  to  10,500  pounds  of  weight. 

This  weight  includes  the  weight  of  the  wall  itself,  which  for 
brick  walls  will  be  about  115  pounds  per  cubic  foot,  and  for 
masonry  walls  about  150  pounds  per  cubic  foot;  the  weights  of  the 
floors  and  the  loads  assumed  to  be  carried  by  them;  and  finally  the- 
weight  of  the  roof  itself.  The  last  two  items  are  very  variable  and 
must  be  assumed  or  calculated  in  each  particular  case.  In  addition 
the  weight  of  snow  on  a  roof  must  be  considered.  Assuming  a 
depth  of  2^  feet,  there  should  be  allowed  16  pounds  per  square  foot, 
and  an  additional  allowance  arising  from  the  wind  pressure,  assumed 
at  from  30  to  50  poiinds  per  square  foot. 

If  the  sum  of  these  exceed  the  allowable  pressure  of  3000  pounds 
per  square  foot  of  base  as  above  jriven,  additional  footing  courses 
muBt  be  added.  It  is  better,  however,  when  the  necessary  spread 
of  base  exceeds  that  provided  by  doubling  the  thickness  of  the 
basement  wall,  to  secure  additional  spread  by  means  of  timber  plat- 
forms, or  beams  of  timber  or  iron,  or  layers  of  concrete;  and  where 
a  very  great  spread  is  required,  timber  or  iron  beams  imbedded  in 
concrete  are  used.  These  latter  means  are  rarely  resorted  to  except 
in  very  high  buildings.     Knowing  the  weight  to  be  carried,  the 
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spread  of  base  mnst  be  such  that  the  pressure  on  the  soil  shall  not 
exceed  the  usual  limits  of  from  3000  to  4000  pounds  per  square 
foot. 

The  top  of  walls  of  houses  from  80  to  100  feet  in  height  are 
made  from  12  to  16  inches  thick  at  top  and  from  24  to  32  inches  at 
bottom,  and  a  proportionate  increase  for  higher  walls  up  to  heights 
of  160  or  170  feet.  It  is  evident  that  for  such  structures  the 
weights  are  very  great  and  require  a  very  great  spread  of  base.  For 
such  structures  it  has  been  considered  advisable,  if  not  necessary, 
to  drive  piles  to  great  depths  i|ito  the  earthy  materials,  or  even 
through  these  to  the  underlying  hardpan  or  bed-rock,  which  is  in 
many  cases  from  50  to  60  feet  below  the  surface.  In  a  recent  founda- 
tion construction  for  the  Chicago  Stock  Exchange  such  piles  were 
used  under  those  parts  of  the  structure  where  there  was  no  danger 
of  damaging  adjacent  structures  by  the  vibrations  and  shocks 
caused  by  the  fall  of  the  hammer.  Where  such  wa«  the  case,  wells 
5  feet  in  diameter  were  sunk  to  hard  clay  55  feet  below  the  surface. 
These  wells  were  lined  with  poling-boards  about  3  feet  long,  sup- 
ported on  the  inside  by  steel  hoops.  When  hard  bottom  was 
reached,  the  well  was  spread  out  by  a  cone-shaped  excavation  with 
a  bottom  diameter  of  7^  feet.  The  entire  well  or  shaft  was  then 
filled  with  concrete.  These  means  were  resorted  to,  as  it  was  found 
that  the  overlying  material  of  soft  clay  settled  ^  of  an  inch  per 
month  under  a  pressure  of  from  1^  to  2  tons  per  square  foot  of 
surface,  and  was  likely  to  continue  settling  for  years. 

The  Chicago  building  ordinances  limit  the  load  on  piles  driven 
to  hard  material  or  rock  to  25  tons  per  pile,  and  on  concrete  to 
8000  pounds  per  square  foot. 

379.  The  city  bf  New  Orleans  is  built  on  an  alluvial  soil  on 
which  only  from  1000  to  1500  pounds  per  square  foot  is  allowed. 
If  the  weight  of  the  structure  is  so  great  that  with  a  spread  of  base 
of  ten  bricks,  about  80  inches  in  thickness,  the  pressure  cannot  be 
kept  within  the  above  limits,  piles  are  driven,  4  feet  centres,  Jind 
at  from  25  to  40  feet  penetration  into  the  material  they  are  safely 
loaded  with  from  15  to  25  tons.  When  the  base  of  80  inches 
is  sufficient,  the  brickwork  or  masonry  is  commenced  on  the  bottom 
of  the  trench  excavated  for  the  purpose.  The  material  is  a  sandy 
clay,  saturated  with  water  at  the  depth  of  3  or  4  feet  below  the 
surface. 
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380.  For  the  Manbattao  Life  Building,  New  York,  Binall  cals- 
B0D8  and  cyliuders  of  iron  were  sunk  throngh  the  softer  material, 
layers  of  aand  and  quicksand,  to  the  rock  50  feet  below  the  level  of 
Broadway.  The  pneumatic  method  vaa  adopted  in  this  case  in 
order  to  prevent  inflow  of  the  quickaand,  which. would  occnr  if 
open  shafts  or  cylinders  were  nsed,  this  inflow  endangering  the 
stshility  or  safety  of  adjacent  structnres. 

SSI.  For  light  masonry  houses  it  is  only  necessary  nsnidly  to 
excavate  a  trench  into  the  earthy  material  from  3  to  4  feet  deep, 
upon  the  hottom  of  which  the  l^ick  or  stone  masonry  is  com- 
menced, giving  the  necessary  spread  of  base  by  means  of  the  pro- 
jecting or  footing  courses,  or  by  the  use  of  a  layer  of  concrete  from 
1  to  2  feet  in  thickness.  A  good  bed  of  mortar  should  always  be 
first  spread  over  the  bottom  of  the  trench  in  order  to  insure  a  true 
and  full  bearing  of  the  bottom  course  of  brick  or  stone.  The 
bottom  of  the  trench  should  be  horizontal. 

382.  For  the  higher  and  heavier  buildings  some  of  the  above- 
described  special  means  of  securing  stability  must  be  employed. 
But  owing  to  the  enormous  loads  and  weights  arising  from  the  older 
methods  of  construction,  with  solid  masonry  main  and  partition 
walls,  and  heavy  floors  necessary  to  carry  great  and  varying  loads 
both  fixed  and  moving,  together  with  the  rapidly-increasing  effects 
of  wind  pressure,  it  has  become  necessary,  in  order  to  keep  the  pres- 
sure per  sqnare  foot  within  the  prescribed  limits,  to  resort  to  varions 
methods  and  designs  to  reduce  the  superincumbent  weights;  and 
further,  aa  with  increasing  heights  and  dimensions  of  structnres 
both  the  damage  to  property  and  danger  to  life  are  greatly  increased 
in  case  of  conflagration,  much  attention  has  been  given  by  engin- 
eers, architects,  and  builders  to  the  production  of  proper  materials 
and  designs  to  reduce  both  weight  and  damage  from  fire. 

This  has  led  to  the  introduction  of  what  is  called  by  architocts 
•'Skeleton  Construction,  in  which  all  external  and  internal  loads  and 
strains  are  transmitted  from  the  top  of  the  bnilding  to  the  founda- 
tion by  a  skeleton  or  framework  of  metal,  consisting  of  iron  or  steel 
columns  and  beams  properly  connected  and  braced,  and  all  other 
parts  of  the  structure  composed  of  as  light  materials  and  construc- 
tion as  is  consistent  with  strength  and  stiffness.  And  for  fire-proof 
construction  all  parts  which  carry  weights,  floors,  stairs,  elevator 
enclosure,  and  their  contents,  are  made  of  incombustible  mate- 
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rials,  and  all  metallic  stmctural  members  are  protected  against 
the  effects  of  fire  by  coverings  of  an  incombustible  and  slow  heat- 
conducting  material^  such  as  brick,  hollow  tiles,  or  burnt  clay, 
porous  terra  cotta,  and  two  layers  of  plastering  on  metal  lath.  In 
such  structures  columns  and  beams  take  the  place  of  solid-masonry 
main  and  partition  walls  in  supporting  and  transmitting  loads  and 
weights.  The  design  and  construction  of  such  buildings  are  to  a 
great  extent  goTerned  by  building  ordinances  of  the  large  cities  and 
vary  in  many  respects.  To  these  the  reader  must  be  referred  for 
further  information.  That  such  structures  have  not  come  up  to 
the  full  expectations  or  hopes  of  builders  and  owners  might  have 
been  expected,  as  many  of  the  so-called  fire-proof  structures  have 
been  as  entirely  and  absolutely  destroyed  by  fire  for  all  practical 
purposes  as  those  for  which  no  special  claim  has  been  made  in  this 
respect.  Much  good  has  been  accomplished  and  much  progress 
made,  although  much  yet  may  remain  to  be  discovered  and  under- 
stood. The  writer  has  introduced  these  remarks  here  as  no  further 
dificusfiion  of  this  mode  of  construction  will  be  given  in  this  book. 


RBTAINING-WALLS,  PIERS,  ABUTMENTS,  PEDESTALS. 

383.  Structures  of  this  class  may  have  foundations  prepared  in 
any  of  the  ways  mentioned  in  the  preceding  paragraph  for  those  of 
high  buildings.  The  bottom  courses  are  spread  out  by  footing- 
courses  in  order  to  keep  the  pressure  per  square  foot  within  the 
proper  limits.  The  walls  are  usually  more  massive,  and  cover 
areas  of  much  greater  widths  as  compared  with  their  lengths;  and 
although  the  weights  per  square  foot  may  be  the  same  as  in  house 
walls,  much  larger  aggregate  weights  are  concentrated  in  one  place, 
and  greater  loads  per  square  foot  on  some  parts  of  the  foundation - 
beds  may  exist  in  case  of  unequal  or  irregular  settlement,  or  may 
result  from  the  pressure  of  high  winds.  In  the  case  of  retainiiifj:- 
walls  and  abutments  the  pressure  of  the  earth  upon  the  walls 
makes  the  resultant  pressure  act  near  the  front  or  rear  of  the  wall, 
thereby  making  the  pressure  per  square  foot  of  base  greater  at  some 
points  than  at  others,  and  the  direction  of  the  pressure  oblique  to 
the  base.  Abutments  are  often  constructed  on  or  near  the  sloping 
banks  of  streams  and  ravines,  and  may  cause  a  yielding  of  the 
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nnderlying  material  by  lateral  displacements  ander  relatively  sniull 
loads.     All  of  these  conditions  and  considerations  reqnire  special 

preparation  and  arrangement  to  resist  tliese  tendencies.  The 
pressures  per  square  foot  are  nevertheless  as  great  as  those  already 
mentioned,  and  often  greater, 

384.  For  Piers  and  Abutments,  and  Pedestals  for  Bridges. — 
(1)  The  pressure  on  the  foundation- bed  consists,  of  the  weights  of 
the  masonry,  which  is  usually  built  of  stone,  commonly  the  best 
varieties  of  sandstone,  limestone,  or  granite.  Bricks  are  rarely 
used  for  such  stnicturea,  except  in  those  sections  of  the  conntry 
where  it  is  difficult  to  secure  suitable  stone. 

The  beat  quality  of  granite  and  limestone  ashlar  masonry  will 
weigh  from  150  to  1C5  pouuds  per  cubic  foot. 

Second-class  abutment  masonry  and  good  hammer-dressed 
rubble  masonry  weighs  from  150  to  155  pounds  per  cubic  foot. 
Similar  grades  of  sandstone  masonry  will  weigh,  respectively,  about 
145  to  155  pouuds  per  cubic  foot. 

Concrete  weighs  from  120  to  135  pounds  per  cubic  Joot,  accord- 
ing to  quality  of  materials  used. 

Brick  masonry  weighs  from  115  to  125  pounds  per  cubic  foot, 
according  to  quality  and  workmanship. 

(2)  Siipcrstructure  for  highway  bridges  may  weigh  more  or  less 
than  that  for  railways,  and  for  present  purposes  maybe  taken  as 
equal  to  it  and  equal  to  five  times  the  length  of  span  in  pounds  i>er 
linear  foot,  increased  by  700  pounds  per  linear  foot  for  the  weight  of 
floor  system.  For  highway  bridges  the  rolling  or  live  load  should 
be  taken  at  from  80  to  100  pounds  per  square  foot  of  floor.  For 
railway  bridges  the  live  load  may  be  taken  as  varying  from-3000  to 
4000  pounds  per  linear  foot  of  span  for  spans  over  100  feet.  It 
increuses  as  the  length  of  the  span  decreases,  reaching  as  high  as 
6000  pounds  per  linear  foot  for  short  spans  from  12  to  15  feet  in 
length.  The  dead  and  live  loads  as  above  given  will  he  close 
enough  for  approximate  calculations. 

Assuming  a  masonry  pier  100  feet  high ;  top  dimensions  12  X  35 
feet,  bottom  20.33  x  43.33  feet;  average,  16.16  X  39.16  feet;  built 
of  limestone  weighing  160  pounds  per  cubic  foot,  including  mortar, 
and  carrying  one  end  of  both  a  520  and  a  480  feet  span;  the  pier 
restmg  on  a  bed  of  concrete  20  feet  thick.     Then 
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Pounds. 

Weight  of  masonry  in  pier 16.16  X  89.16  X  100  X  160  =  10,441.622 

ofconcrete 20.38  X  48.83  X    20  X  K' -    2,878,480 


•< 


"       on  one  half  of  62^  span ^  X  520  X  5  +  5|2  x  700=      858,000 

Liveloadon"      "    "    "      "   3000  X  ^  =      780,000 

480  480 

Weighton   "      •«    "480'    "   ^X  480x  5  +  ^  X  "^^  =      744,000 

Live  load  on"      -     "     «       -    8000x480  _      720  000 

2 

Total  weight  on  foundation-bed 15,922,052 

Allowing  for  the  bearing  resistance  of  the  bed  5000  pounds^  there 
would  be  required   — !L         =  3185  square  feet  of  base.    The 

OUi/U 

calculated  area  is  20.33  x  43.33  =  880.9  square  feet.    Increasing 

these  dimensions  by  25.67  feet,  we  have  a  base  of  46  X  69  =  3174 

square  feet.    It  is,  however,  generally  assumed  that  the  admissible 

spread  of  a  concrete  mass  should  not  exceed  its  depth — in  this  ease 

only  20  feet.    It  would  therefore  be  necessary  to  provide  additional 

base  to  the  masonry  pier  of  5.67  or  6  feet  all  around  by  footing  or 

offset  courses.     This  would  require  6  footing-courses  with  offsets 

of  1  foot  on  each,  or  8  courses  with  ^-inch  offsets. 

The  base  of  the  masonry  would  then  be  26.33  X  49.33  feet; 

the  top  dimensions  of  the  concrete  about  30  X  53,  and  the  bottom 

46  X  69.     This  increase  could  be  obtained  by  a  series  of  steps  or 

a  uniform  slope.     The  bottom  of  the  masonry  is  26.33  X  49.33 

=  1198.86  square  feet.    The  load  above  this  is  13,543,622  pounds, 

13  543  622 
and  the  pressure  on  the  concrete  would  be     ..*    ,  ^  ■    =  11,300 

pounds  per  square  foot.  Concrete  made  of  ordinary  cement  when 
six  months  old  can  safely  be  trusted  with  100  pounds  pressure  per 
square  inch  or  14,400  pounds  per  square  foot,  and  Portland- 
cement  concretes  with  200  pounds  per  square  inch,  equivalent  to 
28,800  pounds  per  square  foot,  when  six  months  old:  when  one 
month  old  a  safe  load  would  be  100  pounds  per  square  inch  or 
14,400  per  square  foot.  These  pressures  allow  a  factor  of  safety  of 
from  8  to  10.  This  example  should  impress  the  importance  of 
using  only  the  best  Portland  cements  in  such  cases,  and  also  of 
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using  not  only,  good  sand,  but  in  proportions  of  not  exceeding  2 
sand  to  1  cement. 

385.  It  must  be  remembered  that  although  the  example  given 
would  be  considered  a  work  of  great  magnitude^  yet  it  has 
been  more  than  once  exceeded  in  the  dimensions  of  piers  and  con- 
crete base,  as  well  as  in  length  of  spans.  The  great  pressures  on 
the  concrete  also  show  the  importance  of  spreading  the  base  of 
masonry  by  the  use  of  a  number  of  footing  courses.  It  is  usually 
desirable  not  to  have  any  footing  courses  above  the  ground-  or 
water-surface.  In  such  cases  it  is  important  to  avoid  bring- 
ing the  concrete  too  near  the  surface,  so  as  to  allow  ample  depth 
below  for  the  footing  courses  of  the  masonry.  It  is  more  than 
probable  that  very  much  greater  loads  are  placed  upon  concrete 
than  those  above  given,  to  which  there  may  be  no  objection  when 
the  progress  of  the  work  is  slow;  and  fortunately  structures  of  the 
magnitude  above  contemplated  require  from  two  to  three  years  in 
construction,  when  the  safe  load  on  ordinary  concrete  may  be  taken 
at  150  pounds  per  square  inch  or  21,600  pounds  per  square  foot, 
and  for  Portland-cement  concrete  250  pounds  per  square  inch  or 
36,000  pounds  per  square  foot. 

386.  Piers  on  land  are  rarely  ever  of  as  great  dimensions,  nor 
do  they  usually  carry  such  long  spans.  When  they  do  exist,  how- 
ever, it  would  usually  be  good  practice  to  carry  the  excavation  to 
rock,  unless  its  depth  below  the  surface  is  very  great.  In 
such  cases  concrete  could  be  dispensed  with  entirely,  and  the 
masonry  commenced  on  the  rock  after  removing  all  disintegrated 
and  loose  portions,  levelling  the  surface,  or  cutting  it  into  a  series 
of  steps,  or  simply  blasting  a  series  of  holes,  producing  a  series  of 
ridges  and  depressions,  so  as  to  prevent  the  possibility  of  sliding 
occnrring. '  Such  hollows  should  be  filled  with  concrete,  in  order 
to  bring  the  entire  surface  to  the  same  level  or,  if  much  slope 
originally  existed,  to  a  series  of  horizontal  surfaces,  upon  which  to 
commence  the  masonry.  Rock  beds  are  usually  composed  of  a 
series  of  ridges  and  hollows,  the  latter  filled  with  earthy  material. 
All  such  material,  as  well  as  other  loose  portions  of  rock  that  may 
be  found,  should  be  entirely  removed  and  the  hollows  filled  with 
concrete.  A  rock  bed  should  be  thoroughly  washed  so  as  to  remove 
all  loam  or  clay;  otherwise  no  bond  can  exist  between  the  masonry 
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and  the  rook^  which  is  a  matter  of  great  importance.  Cement 
mortar  will  set  neither  in  contact  with  clay  or  silt,  nor  will  it 
adhere  when  a  skim  of  these  materials  is  on  the  rock. 

387.  A  granite  pier  200  feet  high  will  exert  a  pressure  of  ahout 
46,200  pounds  per  square  foot  at  its  base.  This  pressure  on  any 
good  rock  would  not  be  excessive,  but  it  is  usual  to  commence 
masonry  on  rock  by  a  spread  of  at  least  one  fourth  to  one  half 
more  than  its  bottom  thickness,  the  latter  in  this  case  about 
doubling  the  area  and  reducing  the  pressure  to  23,100  pounds  per 
square  foot. 

In  smaller  piers  the  practice  is  frequently  to  use  a  thin  layer  of 
concrete,  not  exceeding  from  2  to  4  feet,  and  imbedding  in  it  tim- 
ber or  iron  beams.  Thi^  is  supposed  to  bind  the  concrete  together, 
and  form  a  strong  beam  by  which  the  pressure  can  be  distributed 
over  considerable  areas.  The  concrete  no  doubt  adds  greatly  to 
the  stiffness  of  the  beams.  The  writer  doubts  the  wisdom  of  using 
this  combination  as  often  is  done,  especially  with  timber  beams, 
owing  to  its  greater  compressibility  and  deflection  without  fracture, 
as  compared  with  the  brittleness  and  unyielding  character  of  the 
concrete,  thereby  probably  preventing  a  permanently  uniform  dis- 
tribution of  the  load.  The  usual  method  of  construction  is  to  lay 
a  bed  of  concrete  about  one  foot  in  thickness,  on  this  a  series  of 
timbers  from  2  to  2iteet  centres,  filling  the  spaces  between  them 
with  concrete,  and  on  this  a  flooring  of  solid  timbers  12  X  12  inches 
in  cross-section, — sometimes  only  a  3-inch  plank  flooring, — on 
which  the  masonry  is  commenced;  or  two  courses  of  timber  are 
laid  crossing  each  other,  forming  a  series  of  cells  or  pockets  from 
1  to  1^  feet  square,  which  are  filled  with  concrete,  and  over  these 
the  solid  flooring  may  or  may  not  be  placed.  A  crib  or  grillage 
constructed  of  many  courses  of  timber  similarly  placed  on  each 
other  allows  a  spread  of  base  proportional  to  the  number  of  courses 
or  to  its  height. 

888.  Assuming  a  close  layer  of  solid  timbers  under  a  wall  or 
pier,  by  a  simple  application  of  the  formulae  for  deflection  and 
strength  of  beams  the  proper  projecting  length  of  beam  and  corre- 
sponding spread  of  base  can  be  calculated.  Let  A  BCD  represent 
a  wall  or  pier  20  feet  high,  20  feet  square,  assumed,  for  simplicity 
of  the  calculation  of  its  weight,  as  a  rectangular  parallelopipedon. 
The  flooring  would  require  20  sticks  of  timber  12  X  12  inches  in 
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cross-section^  and  it  is  required  to  find  the  length  in  order  that  the 

greatest  deflection  shall  not  exceed  f^-^  of  its  unsupported  length. 

Referring  to  Fig.  169,  the  weight  of  the  wall,  assuming  granite 

or  limestone  at  165  pounds  per  cubic  foot,  will  be  165  X  20  x 

1320000 
20  X  20  =  1,320,000  pounds,  on  each  of  the  sticks  E  F  — ^^ 

=  66,000  pounds,  and  on  the  portion  AD  -^^  =  3300  pounds  per 

square  foot.  In  order  to  determine  the  projecting  length  of  the 
timbers  it  is  necessary  to  make  some  assumption  in  regard  to  the 
distribution  of  the  weight  of  the  masonry  over  the  timber  JEF,  and 
also  as  to  the  position  of  the  fixed  end  of  the  beam.  It  is  usual  to 
consider  the  weight  distributed  uniformly  over  the  entire  length 
JiIF,  or,  what  is  the  same  thing,  to  assume  an  upward  pressure  aris- 
ing from  the  resistance  of  the  soil,  equal  to  this  weight  and 
uniformly  distributed  over  its  length,  as  indicated  by  the  arrows. 
Pig.  169. 

The  beam  may  be  considered  as  fixed  at  the  centre  O,  at  the 
outer  edge  A,  or  at  H,  the  middle  point  between  A  and  (?,  where 
the  resultant  of  the  half-weight  on  the  half-beam  EG  acts. 

In  either  case  the  total  half-load  is  the  same,  and  is  P  =  33,000 
pounds  =pl  =  wl,  I  being  =  EG  and  p  =  upward  pressure  per 
unit  of  length  EG, 

Having  assumed  the  depth  of  the  beams  as  12  inches,  and  that 
the  deflection  must  not  exceed  ^^  of  its  unsupported  length, 
which  call  y,  we  can  at  once  pass  to  the  length  y  =  EA.  Assuming 
A  as  the  fixed  end,  by  means  of  eq.  (226), 


I  Em'      V, 


9 


for  a  single  load  at  the  end  n"  =  i,  and  for  a  uniform  load  n"  =  J 
(see  table,  page  401);  for  a  solid  rectangular  beam,  or  any  beam 
whose  neutral  axis  is  at  the  centre  of  the  depth,  w  =  w'  =  ^; 

-  =  ^  =  480;  E=  1,000,000  for  timber,  approximately;  and  /. 

=  1000  pounds  per  square  inch.    Substituting, 

d_  _  i  X  1000  X  480  _    l^ 

i  ~    i  X  1,000,000    "  4.2  V°®*^'y^5 
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which  simply  means  that  EA  =z  Iz::^  y  z=  4.2rf,  d  being  12"  =  1', 
and  ^A  =  4.2  feet.    As  the  projecting  length  is  4.2'  =  50.4  inches^ 

50.4 


the  allowable  maximum  deflection  is 


480 


=  0.105  inch.    Under 


the  conditions  given,  the  formula  for  maximum  deflection,  eq. 
(197),^  will  be 

'         ^^^iXl000x(50^'^^^^^^ 

By^  1000000  X  6  ' 

y^  =  |rf  =  6  inches. 

If,  now,  we  find  what  upward  pressure  on  the  projecting  beam 
will  produce  this  deflection,  m  Wl  =  nfbd*  (see  eqs.  (136)  and  (138)) ; 
m  =  i;l  =*50.4  inches;  n  =  i;  5  =  12;  d  =  12;/=  1000.    Then 


W=  11,429  pounds  =  wZ  =  wy;  hence  to  = 


11429 
4.2 


=  2721  pounds 


per  foot  of  length  or  per  square  foot  of  bearing  surface.    Then  sub- 
stituting, in  the  common  formula  for  deflection,  eq.  (205), 

_  1   Wr  _l7vV  _1      11429  X  (50.4)'     _  ^  .^.^  .     . 
^^  -  8  "J?/  ""  8  ~BI  "■  8  1000000  X  iV(12)*  "  ' 

practically  the  same  as  before  found,  thus  checking  all  of  the  pre- 
ceding results,  notably  that  -^ —  =  ^  -^rf    ^  =  t^^^'  =  tV^*- 

It  should  be  noted  that  the  upward  pressure  on  the  projecting 
beam  should  not  exceed  the  safe  bearing  resistance  of  the  soil.    We 


Fig.  160. 


Fig.  170. 


have  seen  in  the  case  above  that  this  amounts  to  2721  pounds  per 
square  foot.  If  the  soil  is  not  capable  of  exerting  this  pressure 
without  undue  settlement,  it  then  becomes  necessary  to  increase 
the  projecting  length ;  and  if  the  deflection  given  is  not  to  be  ex- 
ceeded, the  depth  of  the  beam  must  also  be  increased. 
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In  snoh  cases  it  is  better  to  nse  two  or  more  coarses  of  beams 
crossing  each  other^  each  projecting  by  an  amount  to  be  calculated 
precisely  as  given  above.  The  foregoing  fully  illustrates  the  prin- 
ciples and  methods. 

We  may  desire  to  know^  without  considering  the  weight  of  the 
structure,  the  allowable  projection  that,  with  a  working  maximum 
fibre  strain,  can  be  given  without  exceeding  the  safe  resistance  of 
the  soil — say  3000  pounds  per  square  foot  or  per  linear  foot  of  a 
12  X  12  inch  beam.  Then  mwP  =  w/'W;  w  =  ^^f ^  =  250  pounds, 
m  =  i  the  pressure  per  linear  inch;  w  =  ^;  /  =  1000;  5  =  12; 
d  =  12;  consequently  ?  =  48  inches  =  4  feet.  With  the  weights 
above  given  the  projection  should  not  be  less  than  4  feet,  and  may 
be  as  much  greater  as  the  safe  limit  of  deflection  will  allow.  But 
nothing  specially  is  gained  by  a  greater  projection,  as  the  full  value 
of  the  resistance  of  the  foundation-bed  would  not  be  brought  into 
action. 

Any  desired  degree  of  spread  can  be  secured  by  increasing  the 
number  of  the  courses  of  beams.  As  these  beams  are  either  placed 
close  together  or  the  spaces  between  them  are  filled  with  mortar 
or  concrete,  they  are  stiffened  by  the  lateral  support  thus  given,  in 
consequence  of  which  the  projecting  length  could  be  considerably 
greater  than  found  above  for  a  single  isolated  beam — possibly  as 
much  as  two  to  two  and  a  half  times. 

In  the  preceding  example  the  total  length  of  the  beam  is 
28  feet  between  F  and  F.  Allowing  a  safe  bearing  resistance  of 
3000  pounds  per  square  foot,  the  total  bearing  resistance  will  be 
28  X  3000  =  84,000  pounds,  which  is  equivalent  to  a  weight  of 
Aij^jL  =  4200  pounds  per  square  foot  on  the  area  of  the  masonry 
base  In  other  words,  the  height  of  the  masonry  could  be  increased 
to  20  X  1.273  =  25.46  feet,  without  overloading  the  foundation- 
bed,  since  165  X  20  x  1.273  =  4200  pounds. 

In  the  next  place,  assuming  the  beam  EG,  Fig.  169,  as  fixed  at 

G,  which  will  then  be  the  centre  of  moments,  the  load  on  each  half 

stick  between  A  and  G  is  33,000  pounds,  or  per  foot  of  length  3300 

pounds.    The  total  upward  pressure  balancing  this  must  also  be 

33,000  pounds,  but  distributed  over  a  length  BG  =  FA  +  10  =  y 

33  000 
+  10,  givinpr  a  load  per  unit  of  length  equal  to      '     -.     The  dif- 

ference  between  the  moments  of  these  forces  with  respect  to  G 
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must  equal  the  moment  of  resistance  of  the  beam  at  0;  hence 
i  X  33,000  (y  +  10)  -  33,000  X  i(10)  =  nfbd^  =  288,000  inch- 
pounds  =  24,000  foot-pounds.  Hence  16,500y  =  24,000; .-.  y  =  1.46 
feet  =  BA. 

This  method  of  construction  is  now  very  common  for  high 
buildings,  and  is  of  special  value  when  two  or  more  courses  of  iron 
beams  or  rails  are  used,  resting  on  and  imbedded  in  concrete.  It 
is  evident  that  as  the  loads  rest  directly  on  a  definite  area — usually 
square  in  form — that  at  least  two  courses  or  layers  are  required  in 
order  to  secure  a  symmetrical  distribution  of  load  over  the  founda- 
tion-bed. 

If,  then,  a  column  with  a  base  a*  in  area,  length  on  each  side 
a,  be  supported  on  a  layer  of  beams  of  any  form  of  cross-section 
having  for  the  projecting  length  y,  and  W  the  total  weight, 
uniformly  distributed  over  the  area  a*,  W  also  representing  the 
total  reaction  or  resistance  developed  in  the  material  upon  which 
the  beams  rest,  which  may  or  may  not  be  the  full  bearing  resist- 
ance of  the  material;  and  if  the  maximum  bending  moment 
under  the  assumptions  made.  Then  if  the  iron  pedestal  or  base- 
plate of  the  column  is  suiBciently  strong  and  rigid,  we  may  con- 
sider that  the  projecting  beams  are  fixed  at  the  outer  edges 
of  the  base-plate.  The  beams  may  then  be  considered  as  in  the 
condition  of  cantilevers  acted  upon  by  a  uniformly  distributed 
upward  pressure  per  unit  of  length  equal  to  W  divided  by  the  total 

W 
length  =~ — -— ,  that  is,  for  all  of  the  beams  together;  and  since 

Wu 
the  projecting  length  is  y,  the  total  load  will  be  - — ~  ;  and  for 
/  2y  +  a 

a  uniformly  distributed  load  the  total  maximum  moment  at  the 

edge  of  the  base-plate  is 

JVy         y  TFv' 

^=2y  +  a^  2=2(2y  +  a)'      '     '    *     ^^"^^^^ 

As  both  if  and  y  are  yet  unknown,  it  will  be  simpler  to  take  y 
and  a  in  feet,  TTin  pounds,  and  consequently  if  will  be  in  foot- 
pounds. 

If  now  we  determine  upon  any  form  of  cross-section  of  beam, 
its  moment  of  inertia  can  be  found,  and  the  value  of  y^ ,  the  dis- 
tance of  its  extreme  upper  or  lower  fibre  from  the  neutral  axia 
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■■ 

(assumed  in  the  preceding  example  to  be  one  half  the  depth).    Then 

the  moment  of  resistance^  with  a  fibre  strain  f,  either  ultimate  or 

fj  fj 

working  strain,  will  be  i/,  =  ^.    in  inch-pounds  or  M^  =  ^ —  in 

foot-pounds.     (See  eq.  (134).) 

Theoretically,  -^  =  w,  the  number  of  beams  in  one  layer.    The 

number  of  beams  of  any  given  width  of  flange  will  always  be 
known  by  the  numerical  value  of  «,  when  the  spacing  centre  to 
centre  of  beams  is  known  or  assumed.    We  then  have 

* 

7t=     J^^    v-^T^ (275  A) 

The  problem  can  be  solved  numerically  either  by  finding  Jf  and 
i/^  separately,  substituting  the  proper  values  in  the  above  equa- 
tions, and  then  dividing  Af  by  M^  in  order  to  find  the  number  of 
beams  required,  or  by  assuming  the  number  of  beams  to  be  used, 
and  substituting  in  eq.  (275A). 

In  the  first  case  we  must  assume  either  if  or  y.  In  the  second 
case  we  find  y  directly.  In  either  case  we  can  find  7  by  assuming 
the  other  unknown  quantities. 

The  value  of  the  moment  of  inertia  can  be  calculated  by  rules 
and  formulae  already  given,  or  they  can  be  obtained  from  the  pub- 
lished books  of  the  manufacturers  of  standard  beams;  tliat  off  may 
be  taken  as  high  as  20,000  pounds  per  square  inch.  As  the  beams 
are  usually  well  bedded  in  concrete,  the  strength  of  any  beam  or 
all  together  are  greatly  increased  over  that  for  the  same  beam  or 
beams  not  supported  laterally.  Some  comparisons  of  the  relative 
strength  will  be  given  in  a  subsequent  paragraph. 

Having  in  the  preceding  paragraph  taken  moments  with  respect 
to  the  outer  edges  of  the  base-plate,  considering  this  as  the  fixed 
end  of  a  cantilever  beam,  it  may  in  some  cases  be  considered  better 
and  safer  to  take  the  centre  of  the  beam  as  the  fixed  point.  In 
this  case,  calling  I  the  entire  length  of  one  beam,  the  uniformed 

upward  pressure  will  be  f  per  linear  foot,  and  its  moment  witb 

w 

respect  to  the  centre  will  ^l-y  x  i?  =  i  WL    The  downward  press- 
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W 

ure  over  one  half  the  distance  a  is  —  X  ia  =  i  FT,  its    moment 

a 

with  respect  to  the  centre  is  i  W^  X  ia  =  i  Wa,  and  the  resulting 

bending  moment  is 

i/  =  ^jr(/-a), (275i) 

I  being  the  same  as  2y  -f~  ^* 

Having  thus  determined  the  projecting  length  of  the  upper 
layer,  it  is  only  necessary  to  increase  the  value  of  W  by  the  weight 
of  the  layer  of  beams  and  concreting  filling;  change  a*  to  the  area 
covered  by  the  first  layer,  which  will  now  be  a  rectangle  equal  al\ 
and,  using  I  for  a  in  the  preceding  equations,  the  length  of  the 
second  or  lower  layer  will  be,  as  before,  2y  +  a.  Make  these 
changes,  and  find  any  one  of  the  unknowns  desired,  as  before. 

These  are  the  general  equations  applicable  to  number  of  layers 
of  beams,  dimensions,  and  form  of  sections.  The  general  construc- 
tion is  well  illustrated  in  Figs.  181}^,  paragraph  399f . 

In  such  cases  it  is  required  to  know  or  compute  some  or  all  of 
the  following  quantities: 

(I)  The  projecting  length  of  beam  or  beams  admissible  with 
any  given  dimensions  of  cross-section,  and  maximum  limit  of  fibre 
stress,  or  deflection;  (2)  the  proper  dimensions  of  cross-section 
with  a  given  projecting  length;  (3)  the  bending  moments  under 
any  conditions  of  loading,  and  (4)  the  moment  of  resistance  of  one 
or  any  number  of  beams. 

The  general  formulse  can  be  applied  to  the  examples  already 
worked  out,  the  moment  of  inertia  /  being  -f^cf^y  tfi  in  the  value 
of  the  moment  of  resistance  being  ^rf,  and  /  =  1000  pounds.  To 
apply  the  general  equations  375^  and  276f  to  beams  of  any  form 
of  cross-section  it  is  only  necessary  to  find  the  value  of  /from  the  prin- 
ciples and  formnlsB  fully  discussed  in  Art.  XXXIII.  For  determining 
moments  of  inertia,  the  appropriate  values  of  yx  are  found  in  the 
same  article.     The  value  of  /  varies  with  the  material,  and  may 

usually  be  taken  at  15,000  pounds  for  iron  and  20,000  pounds  for 

fl 

steel.     These  substituted  in  Jf,  =  —  give  the  moment  of  resist- 

y,  ^ 

ance  for  one  beam,  and  equated  to  JIf  of  equations  275^  and  275i 
and  solved  will  give  the  projecting  length  y  of  the  beams. 
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In  Fig.  170  is  shown  a  common  construction.  The  base  AD  is 
first  enlarged  by  two  oflfaet  courses  of  masonry,  each  1  foot,  and 
then  by  projecting  timbers,  as  before.  If  a  further  spread  of  base 
is  required,  several  courses  of  timber  could  be  used  and  arranged  as 
indicated  in  Fig.  171  (a).    There  is,  however,  an  unnecessary  waste 
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Fig.  171. 


of  timber  in  this  case.  A  better  construction  is  shown  in  Fig.  171 
{h).  This  constitutes  a  crib  or  grillage,  the  open  spaces  of  which 
are  filled  with  gravel,  broken  stone,  or  concrete,  according  to  the 
importance  and  weight  of  the  superstructure.  Such  combinations 
introduce  uncertainties  as  to  the  exact  distribution  of  the  loads^ 
but  within  small  limits  for  extreme  fibre  strains  the  principles 
above  established  and  the  results  obtained  will  provide  ample 
security  against  undue  deflection. 

389.  If  the  soil  is  so  soft  that  the  several  methods  of  spreading 
the  base  above  described  are  not  capable  of  maintaining  the 
unit  pressure  within  the  proper  limits,  piles  may  be  then  driven 
through  the  soft  stratum  to  an  underlying  harder  stratum,  if 
any  such  is  to  be  found  within  a  distance  of  50  to  100  feet  below 
the  surface.  If  not,  the  piles  can  be  driven  to  these  depths  in  the 
soft  soil.  The  loads  they  are  capable  of  bearing  will  depend 
upon  which  of  these  conditions  exist.  The  piles  are  then  cut  off 
at  a  convenient  Jepth  below  the  surface  and  capped  with  timber, 
usually  12  X  12  inches  in  cross-section,  upon  which  a  solid  floor  of 
timber  is  placed.  Concrete  may  be  placed  and  rammed  around 
and  under  the  timber,  or  the  timber  may  be  dispensed  with  and  a 
good  layer  of  concrete  may  be  placed  around  and  over  the  piles. 

These  two  cases  are  shown  in  Figs.  172,  173,  and  174. 

In  Fig.  172  is  shown  part  of  a  plan  for  both  cases.  In  Pig.  173 
is  shown  vertical  section  on  AB  with  timber  platform,  and  in  Fig. 
174  vertical  section  on  CD.    Fig.  175  shows  vertical  section  on  CD 
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when  no  timber  )b  used,  two  or  three  feet  of  concrete  idone  beiog 
placed  over  the  pUes. 


uooouu 


»m«uT  imtM  PUT>^  FlO.  174- 

Fio-  I7S- 
390.  There  is  some  difference  of  opinion  amonpst  en^nneers  as 
to  which  of  these  plans  is  the  better.  The  writer  has  need  both 
methods,  both  on  land  and  under  water.  Where  the  timber  plat- 
form was  nsed  on  land,  even  if  all  the  timber  was  snpposed 
to  be  below  the  plane  of  constant  moisture,  he  has  always 
piled  the  concrete  around  and  over  all  timber  as  ehown  in  Fig.  1T4, 
as  the  moisture  line  may  be  lowered  either  permanently  or  tempo- 
rarily by  natara)  causes,  or  artificial  means  such  as  lira  in  age -works, 
sinking  wells,  and  the  like,  in  which  case  the  timber  would  rot. 
When  imbedded  in  concrete  its  life  will  certainly  be  prolonged,  and 
it  is  believed  to  he  effectnal  against  decay  equally  with  submersion 
iu  water.  Concrete  without  timber  is  unquestionably  better,  ex- 
cept from  one  consideration,  which  seems  to  have  some  importance, 
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namely,  the  concrete  resting  partly  on  the  unyielding  pile  and 
partly  on  the  natural  and  more  yielding  eai'thy  material  between 
and  surrounding  the  piles,  there  is  danger  of  the  solid  concrete  im- 
mediately over  the  pile  separating  from  the  remaining  portion,  and 
thereby  subjecting  a  short  column  of  concrete  over  the  pile  to  an 
excessive  crushing  pressure;  but  as  this  column  of  concrete  is  con- 
fined and  cannot  possibly  be  displaced,  this  objection  seems  more 
fanciful  than  real. 

In  addition,  where  concrete  is  used  the  entire  weight  is  not 
thrown  on  the  piles,  the  surrounding  material  bearing  a  part  of 
the  load,  which  is  not  the  case  where  timber  caps  and  platforms  are 
used  without  concrete.  This  additional  resistance,  though  not  usu- 
ally counte<l  on,  as  the  piles  are  intended  to  carry  the  entire  load, 
nevertheless  exists,  and  is  a  factor  of  safety.  All  things  considered, 
the  possible  rotting  of  the  timber  both  of  platform  and  tops  of  piles, 
rpl'  C  f  -  -.     *^he  better  the  writer  considers  concrete  alone  over  and  around  the 

piles^practice,  and  has  latterly  adopted  it.  It  is  probably  immaterial 
which  plan  is  used  when  under- water  foundations  are  constructed. 
But  even  there  timber  may  not  rot,  while  it  does  become  very  soft 
and  its  resistance  to  transverse  compression  must  be  materially 
reduced. 

391.  In  building  piers  or  abutments  on  or  near  the  banks  of 
streams  one  of  the  above  plans  should  be  adopted,  even  when  the 
soil  is  firm  enough  to  bear  safely  the  load.  The  piles  in  this  case 
are  not  needed  to  carry  the  load,  but  are  necessary  to  provide 
against  a  scouring  out  of  the  material  from  under  the  pier  or  abut- 
ment; and  if  this  takes  place,  as  is  often  the  case — notably  along  the 
Ohio  River,  where  in  many  places  the  banks  have  been  washed  out, 
in  the  memory  of  men  now  living,  for  several  hundred  feet,  back 
from  the  former  shore-line — the  piles  prevent  the  collapse  of  the 
pier  until  riprap  can  be  deposited  under  it  and  around  the  piles. 
As  has  been  stated,  a  safe  load  for  piles  is  from  15  to  25  tons  per 
pile,  depending  on  the  nature  of  the  earth  and  the  depths  to  which 
they  are  driven  in  it.  The  theory  of  the  bearing-power  of  piles 
will  be  discussed  under  the  head  of  Piles. 

392.  Even  where  the  heavy  walls  of  houses  and  piers  for  land 
structures  cannot  be  so  supported  by  any  of  the  above  methods 
without  undue  settling,  the  piles  must  be  driven  to  the  underlying 
rock.     In  this  case  the  piles  cannot  sink  vertically,  and  can  carry 
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loads  even  approaching  the  cmshing  resistance  of  the  timber;  yet 
the  soil  may  be  so  soft  around  them  that  the  whole  pier  may  lean 
or  careen  sideways.  This  may  be  prevented  by  the  liberal  use  of 
gravel  or  broken  stone  thrown  around  near  their  tops  in  excava- 
tions made  for  the  purpose.  But  cases  may  arise  where  driving 
piles  may  be  unadvisable,  either  endangering  the  stability  of  ad- 
jacent structures  or  from  other  causes.  In  such  cases  shafts  can 
be  sunk  through  the  earthy  materials  to  the  rock.  These  shafts 
may  be  timber  or  iron  or  masonry  lined^  and  are  commonly  called 
wells.  Their  cross-sections  may  be  rectangular^  square,  or  circular. 
Their  sides  or  diameters  may  be  from  only  three  or  four  feet  to  ten, 
fifteen,  or  twenty  feet.  If  timber-lined,  they  would  rarely  be  over 
five  or  six  feet  in  diameter,  or  on  the  sides.  As  the  sinking  of  iron 
or  masonry  wells  will  be  considered  under  the  head  of  Founda- 
tions in  Water,  timber-lined  shafts  will  be  alone  considered  in  this 
place. 

393.  The  operation  of  sinking  shafts  is  the  same  with  those  of 
.rectangular  and  circular  sections,  consisting  in  either  case  of  strong 
frames  set  at  vertical  intervals  of  from  3  to  6  feet,  according  to  the 
character  of  the  earthy  material,  in  a  pit  or  shaft  excavated  in  it. 
Behind  or  outside  of  these  frames  short  planks  or  poling-boards  are 
placed,  or  driven.  These  frames  and  boards  support  the  sides  of 
the  shaft,  and  prevent  caving  or  bulging  of  the  material.  There 
are  three  classes  of  material,  each  of  which  requires  different 
methods  of  construction  and  precautions:  (1)  Firm  soil,  which 
has  sufficient  adhesiveness  and  frictional  stability  to  stand  for  a 
time  with  a  vertical  face,  allowing  the  excavation  to  be  made  first 
and  the  lining  inserted,  afterwards.  This  presents  few  difficulties. 
(2)  Material  which  will  bulge  or  cave,  not  admitting  of  an  excava- 
tion with  vertical  faces,  in  which  the  lining  must  keep  pace  with 
the  excavation.  (3)  Where  the  material  is  a  quicksand  and  flows 
almost  as  freely  as  water,  and  at  the  same  time  exerts  a  greater 
pressure  on  the  lining  than  water.  This  case  presents  the  greatest 
diflBculties,  and  frequently  baffles  the  skill  of  the  best  engineer, 
requiring  special  methods  and  precautions. 

394.  In  the  first  case  a  large  frame  is  placed  over  the  site 
enclosing  the  area  of  the  shaft.  This  frame  has  projecting  pieces 
which  are  set  in  trenches  excavated  for  the  purpose.  This  frame 
is  shown  in  Fig.  176.    The  cross-sections  of  these  pieces  vary  from 
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6x6  inches  to  12  X  12  inches,  depending  on  the  size  and  depth  of 
the  shaft,  as  the  frame  is  intended  to  hold  the  frames  below  from 
slipping  down.  It  is  aided,  however,  by  side  friction  of  the  lower 
frames.  Having  set  this  frame  in  position  the  excavation  is  com- 
menced in  the  enclosed  area  and  carried  down  to  a  depth  of  6  or  8 
feet  if  the  material  will  admit  of  it.    A  square  or  circular  frame  is 


then  placed  at  the  bottom  of  the  excavation  somewhat  smaller  than 
the  excavation.  Planks  from  2  to  3  inches  in  thickness  are  then 
driven  or  placed  behind  both  frames  and  resting  against  them.  The 
lower  frame  need  not  be  usually  composed  of  timbers  over  from 
4  to  6  inches  square  in  cross-section.  The  outer  faces  of  these 
frames  should  be  set  accurately  in  the  same  vertical  planes.  This 
should  be  done  throughout  the  entire  depth  of  the  shaft.  The 
excavation  should  then  be  carried  down  5  or  6  feet  more,  another 
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frame  set  at  the  bottom,  and  other  poling-boards  placed  or  driven 
outside  of  this  frame  and  the  one  above.  This  is  indicated  in  Fig. 
177,  which  shows  an  interior  view  or  projection  when  one  half  of 
the  shaft  is  conceived  to  be  removed  along  a  vertical  plane.  The 
poling-boards  can  simply  be  placed  by  inclining  them  somewhat 
and  inserting  them  behind  the  frames,  and  then  bringing  them  to 
a  vertical  position.  In  this  case  their  lengths  must  be  such  that 
they  will  only  reach  from  centre  to  centre  of  the  pieces  forming 
the  frames,  as  two  sets  have  to  bear  upon  the  same  frame  excepting 
the  top  frame;  or  the  pieces  can  be  driven  behind  any  two  frames, 
and  their  lower  ends  kept  two  or  three  inches  from  the  lower  frame 
of  the  two  so  as  to  allow  another  set  of  boards  to  be  driven  between 
them  and  the  lower  frame.  Both  of  these  conditions  are  shown  in 
Fig,  177.  The  frames  can  be  suspended  the  one  from  the  other  by 
battens  or  planks. 

In  Pig.  178  is  shown  a  timber  frame  lor  a  cylindrical  shaft 
exhibiting  in  part  both  methods  of  using'the  poling-boards;  and 
Fig.  179  shows  an  iron  or  steel  hoop  made  of  angle-iron,  to  be  used 
instead  of  the  timber  frame. 

395.  In  soft  materials  similar  frames  and  poling-boards  are 
used.  The  difference  is  only  one  of  procedure,  as  the  excava- 
tion cannot  be  made  first.  The  sheeting  Ay  Fig.  177,  is  driven 
ahead  of  the  excavation  and  behind  the  frame  ^  to  a  point  G. 
The  material  is  excavated  to  this  point.  In  very  soft  and  flowing 
materials  after  excavating  about  two  feet  below  frame  F  the  sheet- 
ing will  be  in  danger  of  being  pressed  inward.  It  then  becomes 
necessary  to  insert  a  frame  H  to  hold  the  sheeting.  This  may 
remain  permanently  or  not.  These  frames  are  shown  by  dotted 
lines.  The  excavation  is  proceeded  with  and  the  sheeting  driven 
ahead  at  the  same  time.  Having  reached  a  depth  of  three  or  four 
feet  a  permanent  and  regular  frame  is  put  in  place.  The  work 
proceeds  in  this  manner,  always  keeping  the  sheeting  ahead  of  the 
excavation.    This  method  is  shown  near  bottom  of  Fig.  177. 

With  care  there  are  no  very  great  difficulties  to  be  overcome  in 
sinking  shafts  through  soft  soils.  The  frames  and  the  sheeting- 
planks  should  be  driven  closer  together.  This  is  not  necessary  in 
the  firmer  soils,  two  or  three  planks  on  a  side  being  sufficient  to 
prevent  caving  in  of  the  material. 

In  many  soils,  whether  clayey  or  gravelly,  a  certain  amount  of 


468  SINKING  SHAFTS  THROUGH  QUICKSAND. 


water  will  be  forced  out  of  the  surrounding  soil  and  finding  an 
avenue  of  escape,  will  collect  in  the  bottom  of  the  shaft.  In  such 
cases  a  sump  or  small  pit  must  be  excavated  in  advance  of  the 
bottom  of  the  shaft,  into  which  the  water  may  flow;  this  is  then 
pumped  or  lifted  out  in  buckets.  It  would  be  well  to  keep  at 
all  times  a  bucket  in  the  sump,  as  it  will  prevent  the  water  mixing 
with  -the  soil  and  forming  mud,  increasing  the  expense,  delaying 
the  work,  and  not  infrequently  endangering  its  success.  When 
much  water  flows  in,  constant  pumping  may  be  necessary. 

396.  In  the  third  case,  where  quicksand  is  encountered,  it  be- 
comes a  matter  of  great  difficulty  to  carry  forward  the  excavation. 
The  pressure  is  much  greater  than  that  of  water.  It  is  diflScult  to 
keep  the  frames  and  sheeting  in  line  and  position,  and  not  infre- 
quently every  effort  to  hold  back  the  material  fails,  and  the  shaft 
is  crushed  or  broken  in  by  the  great  pressure  of  the  flowing  mate- 
rial aided  by  the  caving  in  of  the  overlying  strata;  if  the  shaft 
is  not  entirely  destroyed,  it  will  fill  up  to  a  greater  or  less  height 
above  the  bottom;  great  labor  and  expense  will  be  required  to 
remove  the  material,  and  often  it  will  be  impracticable,  neces- 
sitating the  abandonment  of  the  work.  No  enterprise  of  this 
character  should  be  undertaken  without  borings  to  determine  the 
character  of  the  different  strata  to  be  excavated.  If,  then,  it  is 
known,  as  it  should  be,  that  such  a  layer  of  quicksand  is  to  be  met 
with,  the  shaft  should  be  commenced  two  to  four  feet  larger  in  each 
dimension  than  actually  required  for  the  purposes  of  the  work,  and 
the  sides  of  the  lining  should  be  strongly  braced  all  the  way  down. 
Before  reaching  the  layer  of  quicksand  a  double-wall  lining  should 
be  constructed  with  a  height  of  5  to  6  feet,  having  a  cutting  edge 
at  bottom ;  this  should  be  strongly  braced  between  the  walls,  and 
filled  with  clay  or  sand.  Having  set  this  in  place  beneath  the  lin- 
ing the  excavation  can  be  commenced,  only  cutting,  however, 
trenches  immediately  under  the  cutting  edge,  leaving  a  core  of 
material  in  the  middle  of  the  excavation,  if  practicable;  this  can  be 
shored  by  proper  bearing  against  the  lining  above,  or  a  platform  a 
little  smaller  than  the  shaft  may  be  held  down  with  braces.  As 
the  excavation  proceeds  the  double-wall  lining  will  gradually  settle. 
If  the  layer  of  quicksand  is  not  over  10  or  15  feet  in  thickness,  the 
double- wall  lining  can  be  made  of  suflScient  height  to  sink  entirely 
through,  reaching  below  its  bottom  and  extending  above  its  upper 
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surface.  The  upper  surface  of  the  core  can  be  gradually  removed 
to  facilitate  the  sinking  of  the  lining.  If  the  quicksand  is  very 
fluid,  it  may  begin  to  rise  between  the  wall  and  the  earth  core;  but 
having  only  a  narrow  passageway,  the  lining  may  sink  gradually 
as  the  material  rises  on  the  inside.  If  it  flows  in  rapidly,  the  lin- 
ing may  sink  proportionately  rapidly.  If  necessary,  long  iron  bars 
may  be  used  to  keep  a  passageway  open  for  the  quicksand  to  flow 
through.  The  sinking  may  be  facilitated  by  constructing  a  plat- 
form on  top  of  the  movable  lining,  adding  weights,  and  prying 
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down  with  levers.  Care  should  be  taken  to  fill  in  between  the  top 
of  the  movable  lining  and  the  bottom  of  the  fixed  lining  above 
with  props,  bracing,  and  sheeting;  additional  sand  or  clay,  or  even 
broken  stone  and  gravel,  being  used  to  fill  the  vacant  space,  and  by 
increasing  the  weight  increasing  the  rate  of  sinking.  By  these 
means  a  considerable  depth  of  quicksand  may  be  passed  through 
safely.  At  any  rate,  a  sudden  inflow  of  a  large  volume  of  the 
material  will  be  prevented;  the  walls  are  not  likely  to  be  crushed 
in;  and  in  all  probability  the  work  will  be  safely  carried  through 
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the  most  troublesome  material  with  which  the  engineer  has  to  con- 
tend. If  by  this  method  failure  ensues,  the  engineer  will  have  the 
satisfaction  of  knowing  that  the  same  result  has  been  met  with 
by  many  other  good  engineers  before.  This  method  is  shown 
in  Fig.  180.  The  drawing  illustrates  clearly  the  above  description. 
On  the  right  the  movable  lining  ABCD  is  shown  just  before  enter- 
ing the  quicksand  and  on  the  left  as  having  passed  through  it, 
and  the  upper  sections  built  up  to  the  lining  above,  A'B'CD'. 

897.  By  a  recently  patented  process,  a  series  of  pipes  can  be 
sunk  into  the  layer  of  quicksand,  and  through  each  alternate  one  a 
cement  grout  is  forced  under  pressure.  This,  seeking  an  escape 
by  the  line  of  least  resistance  will  make  an  exit  by  the  adjoining 
pipe,  which  opens  into  the  air  above;  but  in  so  doing  the  pressure 
closes  a  valve  at  the  bottom  of  the  pipe,  and  results  in  a  diffusion 
of  the  grout  in  the  surrounding  quicksand  which  forms  with  it  an 
artificial  stone,  and  by  gradually  raising  the  pipes  a  wall  of  stone 
is  formed  in  the  layer  of  quicksand.  This  is  indicated  by  the 
pipes  on  the  right  of  the  shaft,  which  are  shown  as  partly  lifted, 
leaving  a  solid  wall  below.     This  is  Harris'  patent  process. 

Another  and  somewhat  similar  method  is  to  force  cement 
powder  through  pipes  into  the  quicksand  by  means  of  compressed 
air.    The  effect  is  similar  to  the  above. 

397a.  The  Poetsch-Sooysmith  Freezing  process  is  to  sink  a 
series  of  pipes  10  inches  in  diameter  through  the  earth  to  the  rock; 
these  are  sunk  in  a  circle  around  the  proposed  shaft.  Inside  of 
these  8-inch  pipes  closed  at  the  bottom  are  placed,  and  inside  of 
these  pipes  are  inserted  smaller  pipes  open  at  the  bottom.  Each 
set  of  smaller  pipes  ai-e  connected  in  a  series.  A  freezing  mixture 
is  then  allowed  to  flow  downwards  through  one  set  of  the  smaller 
pipes  and  return  upwards  through  the  other.  This  freezing  mix- 
ture flows  from  a  tank  above,  giving  sufficient  head  of  pressure  to 
cause  the  fluid  to  flow  with  the  desired  velocity  through  the  pipes. 
The  effect  of  this  is  to  freeze  the  earth  into  a  solid  wall.  This  .is 
also  a  patented  process.  By  either  of  these  means  the  excavation 
can  be  carried  on  either  through  the  frozen  material  or  within  the 
frozen  walls.  The  shaft  is  usually  lined  as  shown  in  Fig.  177. 
Both  of  these  processes  have  been  sufficiently  tested  to  be  accepted 
as  effective,  and  when  the  importance  of  the  work  justifies  the  ex- 
pense necessarily  incurred,  can  be  recommended.    The  arrangement 
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of  the  pipes  in  the  Poetsch-Sooysmith  process  is  shown  on  the 
left  of  the  shaft.  Fig.  180.  The  principle  involved  is  the  same  as 
that  employed  in  the  nsnal  refrigerating-machines.  This  process 
is  also  recommended  for  constructing  the  foundations  of  piers^ 
but  has  not  heen  used  on  such  a  large  scale^  so  far  as  the  author 
is  informed. 

In  whatever  manner  the  shaft  has  been  sunk,  after  reaching 
the  rock  or  other  hard  material  the  shaft  is  filled  with  concrete, 
rubble,  or  brick  masonry.  Under  large  piers  several  such  shafts  are 
sunk,  their  tops  are  connected  by  masonry  arches  or  strong  iron 
beams,  and  upon  these  the  masonry  of  the  pier  or  abutment  is 
commenced. 

398.  Mr.  Rankine's  theory  of  earth-pressure,  which  will  be  dis- 
cussed under  the  head  of  Retaining-walls,  seems  to  the  writer  to 
be  the  most  plausible,  simple,  and  easy  of  application  of  the 
many  theories  advanced;  and  as  it  is  universally  admitted  that 
that  none  of  them  can  be  relied  upon  to  give  accurate  results  under 
all  conditions,  the  writer  has  determined,  after  careful  study,  to 
adopt  Mr.  Bankine's  theory. 

Mr.  Rankine^s  theory  is  based  upon  the  supposition  that  in  all 
earthy  materials  the  intensity  of  the  pressure  at  a  point  below  the 
surface  of  the  ground  is  proportional  to  the  specific  gravity  of  the 
material,  the  slope  of  the  ground  surface,  the  natural  slope  of  the 
material  or  its  angle  of  repose,  and  the  depth  of  the  point  below 
the  surface  of  the  ground ;  and  that  the  direction  of  the  resultant 
pressure  upon  any  surface  upon  which  it  presses  is  parallel  to  the 
surface  of  the  ground. 

All  of  the  above  assumptions  correspond  with  the  well-deter- 
mined conditions  of  fluid  or  water  pressure,  except  the  direction  of 
the  pressure,  which  in  a  fluid  is  always  normal  to  the  surface 
pressed.  When  this  surface  is  vertical,  all  conditions  are  similar 
in  the  two  cases.  When  a  material  flows  freely  unsupported, 
as  is  the  case  with  quicksand,  soft  swampy  silt,  and  soft  clay  mud, 
it  seems  clear  that  its  condition  of  stability  is  similar  in  every  re- 
spect to  that  of  a  fluid,  and  that  without  sensible  error  we  may 
deal  with  these  materials  as  with  a  fluid  having  its  own  special 
specific  gravity.  In  all  but  the  softest  varieties,  however,  there 
does  exist  a  sensible  degree  of  frictional  stability,  as  evidenced  by 
our  being  able  to  make  excavations,  and  by  the  fact  that  the  Fides 
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will  stand  at  least  for  a  considerable  time  with  some  slope.  The 
formulae  for  fluid  pressure  must  be  modified  by  the  introduction  of 
some  term  which  depends  upon  the  frictional  resistance  of  the  mate- 
rialy  usually  represented  by  the  letter  0.  Assuming,  then,  that  the 
upper  surface  of  this  material  is  horizontal,  the  surface  slope,  usu- 
ally represented  by  the  letter  6/,  disappears;  that  is,  6^  =  0.  In  a 
perfect  fluid  the  pressure  in  all  directions  around  a  point  in  the  inte- 
rior of  the  mass  must  be  equal,  or  movement  of  its  particles  must 
occur.  In  a  material,  however,  with  a  sensible  angle  of  repose  this 
equality  does  not  exist.  The  vertical  intensity  of  pressure  may  be 
greater  or  less  than  the  horizontal  intensity,  depending  on  the  value 
of  0,  If,  then,  p  represents  the  intensity  of  the  vertical  pressure  at 
any  point  and  h  the  intensity  of  the  horizontal  pressure  at  the 
same  point,  h  =  p  X  n<p,    Mr.  Bankine  flnds  n0  for  a  horizontal 


ground  surface  to  be  «0  =  \^^^  or  \±^^. 
°  1  +  Sin  0      1  —  sm  0 

There  is  therefore  a  maximum  and  a  minimum  value  for  the 
intensity  of  the  horizontal  pressure:  the  one  is  the  least  consistent 
with  stability,  and  the  other  is  the  greatest.  The  maximum  hori- 
zontal intensity  is,  then,  h'  =  p : — ^,  and  the  greatest  vertical 

pressure  consistent  with  this  value  of  h'  is 

,  _  ,.,1  +  sin  0  _  J\  +  sin  0\' 

P    =  f^  q : 1  =  P\^ : :i]  ....      (276) 

^  1  —  Sin  0      ^  \1  —  Sin  0/  ^      ' 


Let  ABCD  be  the  volume  of  a  masonry  wall,  its  length  being 
unity  (one  foot)  in  a  direction  perpendicular  to  the  plane  of  the 
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paper  (see  Pig.  181).  Both  the  hori- 
zontal and  vertical  intensities  (of  the 
conjugate  pressures:  see  Retaining- 
walls)  being  zero  at  the  surface  AD, 
and  assumed  to  vary  uniformly  and 
proportionally  to  any  depth,  say  at  the 
point  E,  It  is  only  necessary  to  use 
the  intensities,  that  is,  the  weights  of 
columns  with  a  base  of  unity  in  area  (one  square  foot  usually),  and 
not  the  total  weights  involved.  Let  AE  =  x,  the  depth  excavated 
into  the  soft  material  of  the  trench  OHLK\  AB  =  y,  the  height  of 


E«,  F 

Fig.  181. 
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the  proposed  structure;  BE  =:  x  ^  y,  the  total  height  of  structure 
ABCDy  and  that  of  its  foundation  ADFEy  required^  by  the  nature 
of  the  soil,  to  secure  stability;  w  =  weight  of  a  cubic  foot  of  the 
soil;  and  w'  =  weight  of  a  cubic  foot  of  the  masonry.  Then  equa- 
tion (276),  since  p'  =  v)'(X'\-y)  and^  =  wx,  becomes 

«'(.  +  y)  =  t«;.(J-±^)' (277) 

The  first  member  represents  the  weight  of  the  volume,  BheE, 
haying  for  its  base  unity  (1  square  foot),  and  the  second  represents 
the  weight  of  the  volume  excavated,  AaeEy  also  with  an  area  of 
base  of  unity,  multiplied  by  a  factor  depending  upon  the  angle  of 
repose  of  the  material.  We  have  already  seen  an  application  of  this 
equation  to  determine  the  bearing  power  of  a  soft  clay  in  paragraph 
374,  the  result  agreeing  fairly  well  with  that  obtained  by  experi- 
ment. 

399.  Instead  of  dealing  with  intensities,  we  will  assume  that 
the  wall  in  Fig.  181  is  50  feet  long,  its  thickness  AD  is  6  feet; 
hence  total  weight  of  excavated  material  AEFD  =  50  x  6  x  t^a; 
=  50  X  6  X  110  X  10  =  330,000  pounds.     The  total  weight  of  the 

wall  =  area  BEFG  X  50  x  w'{x  +  y)  <  330,000  x  f^^-^^^V.     If 

^  \1  —  sm  07 

the  material  is  so  soft  that  the  angle  of  repose  0  =  GEK  =  10^, 

/I  -I- sin  d)Y 
then  sin  0  =  0.1736  and  L  ^   .   -^    =  2.0164;  hence  total  weight 

M  —  sm  0/  ^ 

of  structure  BEFC  must  not  exceed  330,000  x  2.0164  =  665,412 

pounds.    As  the  area  of  the  base  is  50  X  6  =  300  square  feet,  the 

weight  per  square  foot  of  ba8e'=  2218  pounds.     It  would  hardly 

be  safe  practice  to  load  this  material  so  heavily.    Since  the  angle  of 

repose  OEK^  0  =  10°,  KE  =  QK  cotan  0  =  lOx  5.67  =  56.7 

ffeet,  which  would  make  the  total  width  JTL  =  6  +  2  x  56.7  =  119.4 

feet.     Mr.  Rankine  suggests  this  spread  of  base.     While  this  might 

not  be  excessive  for  an   earthen    embankment  of    considerable 

height,  say  20  feet,  as  seems  to  be  contemplated  by  him,  such  an 

embankment  would  require  at  any  rate  14  +  60  =  74  feet,  and  the 

additional  spread  of  119.4  —  74  =  45.4  feet  or  22.7  on  each  side 

could  be  secured  by  throwing  over  the  space  large  quantities  of 

broken  stone^or  by  building  cribs  or  layers  of  logs  over  the  required 
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width,  or  simply  flattening  the  slopes  of  the  embankment  so  as  to 
co7er  the  desired  width.  This  is  indicated  by  the  dotted  lines 
GEFH  in  Fig.  181.     . 

Practically,  this  is  done  by  simply  piling  the  ordinary  earth 
along  the  line  of  the  road,  and  continuing  this  until  settlement 
ceases.  But  a  material  having  an  angle  of  repose  of  10°  should  be 
capable  of  bearing  at  least  1000  pounds  per  square  foot.  This 
would  require  a  little  more  than  doubling  the  original  aren  of  base, 
increasing  the  area  from  50  X  6  to  about  56  X  12  =  672  square 
feet,  or  even  a  greater  spread  might  be  necessary.  In  such 
material,  however,  it  would  seem  advisable  to  drive  piles  to  carry 
important  structures,  such  as  house- walls,  masonry  piers,  and  abut- 
ments ;  yet  there  are  many  instances  of  trenches  being  excavated 
and  filled  with  sand,  gravel,  broken  stone,  and  concrete,  upon 
which  heavy  and  important  structures  have  been  built. 

399i.  A  modification  of  the  Poetsch-Sooysmith  Freezing  Process 
has  lately  been  introduced.  The  pressure  in  the  circulating  pipes 
being  greater  than  the  pressure  from  without,  may  give  rise  to 
leaks.  To  avoid  this,  instead  of  using  a  cold  brine  to  remove 
the  heat  from  the  soil,  and  thereby  freeze  it  for  a  certain  distance 
around  each  pipe,  the  new  method  consists  in  introducing  an  am- 
moniacal  liquid  directly  into  the  pipes.  This  is  evaporated  in  the 
space  between  the  inner  and  outer  circulating  pipes,  and  the 
vapor  is  drawn  oif,  recondensed,  and  used  again.  In  this  man- 
ner the  pressure  inside  the  pipes  can  be  maintained  at  any  desired 
degree. 

This  method  has  not  yet  been  sufficiently  tested  to  compare  its 
merits  with  the  ordinary  method;  and  to  what  extent  the  high 
pressure  of  the  cold  brine  is  disadvantageous  has  not  been  clearly 
demonstrated. 

399}.  Foundations  for  Machinery, — In  preparing  foundations 
for  machinery  it  is  necessary  to  provide  against  the  injurious  ef- 
fects of  vibrations,  either  to  the  foundation  itself  .or  to  those  of 
neighboring  walls.  Even  very  slight  vibrations,  if  long  continued, 
will  inevitably  loosen  or  cause  the  disintegration  of  masonry. 

Concrete  is  probably  the  best  material  for  the  foundation 
proper  after  the  foundation-bed  is  prepared. 

Foundahon-heds, — A  solid  rock  bed  transmits  readily  and  freely 
vibrations  communicated  to  it;  so  also  does  firm,  compact  earth. 
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such  as  clay  and  hard-pan.  Sand  and  gravel,  soft  or  loose  earth, 
and  silt,  timber,  mineral  wool,  hair-felt,  or  asphaltic  concrete  trans- 
mit vibrations  feebly. 

When  founding  on  rock,  a  layer  of  12  or  more  inches  of  asphaltic 
concrete  shonld  be  laid  on  the  rock;  or  a  6-inch  layer  of  hair-felt 
or  mineral  wool  may  be  laid  in  a  trench  cat  in  the  rock;  or 
a  solid  course  of  12-inch  timber — creosoted  or  vulcanized  yellow 
pine — answers  well.  Finally,  a  layer  of  sand  two  or  more  feet  in 
depth  may  be  used.  On  any  of  these  beds  is  placed  a  layer  of  con- 
crete, on  which  large  stone  slabs  or  a  timber  floor  may  be  placed. 

Where  sand  is  used  the  drainage  of  the  pit  must  be  thorough; 
otherwise  it  will  be  kept  filled  with  water. 

Asphaltic  concrete  softens  and  runs  at  130^  of  temperature, 
and  should  therefore  be  surrounded  with  some  non-conducting 
material,  such  as  porous  terra-cotta,  mineral  wool,  or  sand. 

On  firm  earths  an  excavation  should  be  made  at  least  2  feet 
below  the  intended  base.  Upon  this  lay  the  foundation  proper 
and  fill  around  with  sand.  Or  the  foundation  may  rest  on  a  crib 
of  timbers,  filling  around  with  sand. 

On  sand  it  is  only  necessary  to  keep  the  foundation  2  to  5  feet 
away  from  any  other  foundations.  It  is  well  to  follow  this  rule 
with  any  machinery  foundation. 

Changing  the  speed  of  an  engine  will  sometimes  greatly  reduce 
the  effects  of  vibrations.  The  knocking  of  pumps  when  working 
irregularly  causes  trouble.  In  such  cases  the  pipes  should  be 
either  kept  entirely  free  from  the  foundation,  or  the  vibrations 
deadened  by  a  packing  of  felt,  rubber,  or  leather. 

Foundations  for  the  Main  Power-station,  Broadway  Cable 
Raibvay. — In  order  to  prevent  the  communication  of  vibrations 
caused  by  the  motion  of  the  powerful  machinery  used  to  the  walls 
and  the  floors  above  the  engine-room,  it  was  necessary  to  construct 
the  supports  of  the  building  and  those  of  the  machinery  on  entirely 
different  foundations. 

The  building  is  nine  stories  high  above  the  street-level,  and 
fronts  125  and  200  feet.  The  power  machinery  is  placed  in  the 
basement,  and  below  this,  at  a  depth  of  42  feet  below  the  street- 
level,  is  a  sub-basement. 

The  main  walls  of  the  building  rest  on  a  layer  of  concrete. 
These  walls  are  of  brick,  and  at  a  height  of  25  feet  they  enclose  a 
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series  of  39  PhoeDiz  columuB  reatlDg  on  a  grillage  of  steel  I  beams, 
as  shown  in  Figs.  181^  {a  aod  b).  For  the  support  of  the  interior 
walla  of  the  building  there  are  45  Fhcenix  oolutnna  38  feet  S  inches 
high,  including  base.  These  are  located  at  proper  intervals,  and  in 
rows.  These  interior  columns  rest  upon  a  double  course  of  eteel 
I  beams,  forming  a  grillage  enclosed  in  steel  cylinders  6  feet  high, 
with  diameters  varying  from  4  to  12  feet     These  cylinders  are 


i 


FiQB.  18U. 


sunk  below  the  snb-basement  floor,  and  are  about  one-half  filled 
with  concrete,  upon  which  the  grillage  rests.  Between  the  cylindere 
a  bed  of  concrete  about  2^  feet  thick  is  laid,  which  forms  the  sub- 
basement  Soor.  Upon  this  latter  bed  of  concrete  brick  piers  are 
built,  which  constitute  the  foundation  for  the  machinery. 
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These  colamn  and  machinery  foandations  are  shown  in  vertical 
section  in  Figs,  (b)  and  (c),  and  a  plan  of  the  grillage  foundation 
for  the  columns  is  shown  in  Fig.  (a).  As  seen^  this  construction 
separates  entirely  the  foundations  of  the  machinery  from  the  deeper 
foundations  of  the  columns  which  support  the  floors  above.  Conse- 
quently the  vibrations  due  to  the  working  of  the  machinery  do  not 
reach  the  foundations  of  the  columns^  as  both  earth  and  concrete 
act  as  cushions  and  resist  the  transmission  of  the  vibrations. 

To  prevent  any  interference  with  or  obstruction  to  the  safe  and 
successful  construction  of  the  foundations  at  such  a  great  depth 
below  the  normal  water  surface  a  series  of  30  wells,  of  2-inch  tubes, 
in  two  rows  were  sunk  to  a  depth  of  10  to  12  feet  below  the  sub- 
basement  floor,  or  from  5  to  6  feet  below  the  foundation-bed  of  the 
columns.  The  two  rows  were  6  feet  apart  and  the  wells  in  each 
row  12  feet  apart.  The  water  was  removed  from  these  by  a  couple 
of  Smith  &  Yaile  pumps.  Beams  were  extended  from  the  brick 
walls  over  the  space  occupied  by  the  foundations  of  the  column 
wherever  necessary  to  secure  a  support  between  the  brick  piers. 

The  allowable  projection  for  the  I  beams  has  been  fully  discussed 
in  paragraph  38d.  The  general  equations  (275^)  and  (275})  can  be 
applied  to  the  beams  in  Figs.  181^,  in  the  manner  already  fully  ex- 
plained. Another  method  is  to  excavate  a  pit  10  to  12  feet  deep, 
in  which  a  solid  floor  of  concrete  is  laid,  and  the  sides  of  the  pit 
bnilt  up  with  masonry  walls.  On  the  concrete  is  laid  a  thick  sheet 
of  felt  and  then  one  of  lead;  on  this  a  block  of  brick  masonry  (not 
in  contact  with  the  side  walls) ;  and  on  this  was  placed  the  bed-plate 
of  the  engines  and  dynamos,  and  anchored  down. 

Deep  Borings. — There  is  a  boring  at  Paroschowitz,  West  Silesia, 
which  has  at  this  date  reached  the  depth  of  6568  feet.  After  care- 
fully ascertaining  the  temperatures  at  various  depths,  it  is  the  inten- 
tion to  continue  it,  if  possible,  to  a  depth  of  8200  feet.  The  boring 
is  done  by  means  of  the  Mannesmann  tubes.  These  consist  of  a 
series  of  tubes  in  lengths,  each  tube  having  an  exterior  diameter 
equal  to  the  interior  diameter  of  the  one  above  it.  Each  length  oi 
tube  is  provided  with  a  diamond-cutting  edge.  When  a  hole  is 
bored  equal,  or.  nearly  so,  to  the  length  of  the  larger  tube,  then  the 
next  smaller  is  connected  on,  which  also  has  a  diamond-cutting  edge, 
and  another  section  drilled  out.  There  is  provided  a  special  device 
for  cutting  ofl!  the  core  at  the  bottom.     In  case  of  the  boring  above 
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mentioned,  the  top  or  largest  diameter  of  the  hole  ic  11.8  inches, 
and  at  th   depth  thus  far  reached  the  bottom  diameter  is  2f  inches. 


PILB-DBIYING  AND  FOUNDATIONS  ON  PILES. 

400.  Piles  are  either  round  or  square  sticks  of  timber  of  any 
length  desired  from  10  to  100  feet.  They  are  usually  smaller  at 
one  end  than  at  the  other.  They  can  be  obtained  from  12  to  24 
inches  in  diameter  at  the  large  end,  and  from  9  to  12  or  more  at  the 
small  end.  They  are  usually  driven  small  end  downwards,  some- 
times the  reverse. 

The  top  should  be  sawed  square  to  the  axis  of  the  pile.  The 
small  end  may  or  may  not  be  trimmed  to  a  point.  In  soft  materials 
it  is  best  not  to  sharpen  the  piles.  In  hard,  firm  soils  they  are 
usually  poiRted,  and  often  shod  with  iron. 

401.  The  machine  for  driving  piles  is  called  a  pile-driver,  and 
consists  essentially  of  two  upright  guides  or  leads,  often  of  great 
height,  erected  on  a  platform,  or  on  a  barge  when  used  in  water. 
These  guides  serve  to  hold  the  pile  vertical  while  being  driven,  and 
also  hold  and  guide  the  hammer  used  in  driving.  This  is  a  heavy 
block  of  iron  weighing  anywhere  from  800  to  4000  pounds;  average 
weight  from  2000  to  3000  pounds.  All  else  connected  with  a  driver 
are  simply  means  of  holding  the  leads  in  place,  of  holding  the  piles 
in  the  leads,  of  lifting  and  allowing  the  hammer  to  fall  freely  on 
the  head  of  the  piles,  and  of  preventing  unnecessary  bruising  and 
splitting  the  piles.  Piles  can  be  driven  either  vertically  or  inclined 
to  the  vertical;  for  most  purposes  they  are  driven  vertically. 

402.  Short  piles,  not  over  15  feet  in  length,  are  often  driven 
simply  to  compact  a  loose,  soft  soil,  thereby  increasing  its  bearing- 
power.  This  is  mainly  used  for  house- walls.  In  this  case  the  piles 
are  driven  in  a  trench  in  rows  of  one,  two,  or  more ;  the  trench  is 
then  filled  with  sand,  broken  stone,  or  concrete,  over  and  around  the 
piles,  upon  which  the  walls  are  built.  Short  piles  have  been  driven 
and  then  withdrawn,  and  the  holes  thus  made  filled  with  sand.  This 
plan  should  certainly  be  adopted  unless  there  is  positive  assurance 
that  the  piles  will  be  kept  constantly  wet.  Small  drivers,  and  light 
hammers  commonly  lifted  by  hand-power,  are  used  for  this  purpose. 
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403.  Long  piles  are  driven  not  so  much  to  compact  the  soil  as 
to  afford  direct  support  to  the  load.  In  this  case  the  soil  is  not 
commonly  supposed  to  carry  any  portion  of  the  load  directly,  but 
to  support  the  pile  by  direct- bearing  resistance  at  its  lower  end  ana 
by  friction  on  its  sides;  these  assumptions  in  either  case  being  on 
the  safe  side,  as  usually  the  load  will  be  supported  partly  by  the 
pile  and  partly  by  the  soil. 

Piles  may  be  driven  into  any  earthy  material.  In  hard  and 
firm  materials  it  is  not  necessary,  so  far  as  support  is  concerned, 
except  under  very  heavy  loads,  but  is  necessary  to  prevent  the 
collapse  of  the  structure  by  the  scouring  out  of  the  material,  and 
the  depths  to  which  they  are  driven  is  mainly  regulated  by  the 
depth  to  which  scouring  may  take  place. 

Or  it  may  be  necessary  to  provide  a  waterway  to  carry  the  exces- 
sive floods  on  many  rivers,  the  water  extending  over  a  considerable 
area  on  each  side  of  the  stream.  Embankments  in  this  case  would 
be  destroyed,  and  as  there  is  always  more  or  less  danger  of  scour 
occurring,  structures  called  pile-trestles  are  commonly  built. 

404.  When  piles  are  driven  into  a  firm  material  it  may  be  safely 
said  that  the  piles  will  carry  any  reasonable  loads.  A  penetration 
of  20  to  30  feet  is  generally  ample,  and  about  as  much  hammering 
as  the  piles  can  stand  will  be  required  to  reach  these  depths. 

Firm  materials  include  compact  sand,  gravel,  and  clay.  In 
some  sands  and  soft  clays  piles  can  be  driven  to  depths  of  40  to 
50  feet.  Piles  thus  driven  will  carry  safely  from  20  to  30  tons  per 
pile.  If  driven  through  to  rock,  hardpan,  or  other  very  hard  mate- 
rial, the  pile  becomes  a  timber  column,  and  will  carry  safely  from 
50  to  70  tons.  Such  excessive  loads  are  seldom  necessary  and  never 
desirable,  as  the  piles  may  be  defective  and  injured  in  driving  to 
an  unknown  degree.  It  is  much  better  to  increase  the  number  of 
piles,  driving  them'2'J  foot  centres,  when  necessary.  This  is  about 
as  close  together  as  piles  can  or  should  be  driven. 

405.  Assuming  the  load  on  the  foundation  as  given  in  para- 
graph 384,  W  =  15,922,000  pounds,  and  a  base  of  46  X  69  feet,  we 
could  have  29  rows  of  19  piles  each,  making  551  piles,  and  only 
28,888  pounds  per  pile,  or  something  less  than  13  tens;  or, if  driven 
4  feet  centres,  18  rows  of  14  piles  each,  making  252  piles,  and  giving 
a  load  per  pile  of  about  60,000  pounds,  or  less  than  30  tons  per  pile. 
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Piles  Bhoald  rarely  be  over  4  feet  centres  or  less  than  2  to  2^  feet. 
With  either  of  these  the  loads  are  within  safe  limits. 

The  same  conditions  hold  with  piles  driven  through  very  soft 
materials  to  rook,  if  precautions  are  taken  by  excavating  to  a 
certain  depth  below  their  tops  and  filling  the  trench  with  gravel, 
broken  stone,  or  concrete  to  prevent  lateral  movement.  In  any  of 
the  above  cases  there  is  little  difficulty  in  securing  ample  support 
for  the  piles.  The  great  danger  arises  from  excessive  hammering 
on  the  piles,  by  which  they  are  crippled,  broken,  or  split  below  the 
ground,  rendering  them  unfit  for  any  purpose,  in  order  to  comply 
with  some  arbitrary  rule  that  the  penetration  at  the  last  blow  of  a 
hammer  weighing  2500  pounds  and  falling  30  feet  shall  not 
exceed  an  eighth  or  a  quarter  of  an  inch.  No  such  rule  should 
be  followed;  as  above  stated,  it  may  result  in  absolute  injury 
to  the  pile. 

406.  Piles  have  been  driven  for  many  important  purposes  into 
soft,  silty,  and  marshy  soils,  and  penetrating  to  60,  80,  or  even  100 
feet,  without  reaching  firm  soil  of  any  kind.  Such  piles  carry 
safely  from  10  to  25  tons  when  driven  from  38  to  60  feet  in  the 
ground,  the  penetration  at  the  last  blow  varying  from  3  to  18  inches. 
Such  facts  have  puzzled  both  theoretical  and  practical  men;  and 
those  who  have  worked  out  formulas  for  the  bearing  power  of  piles 
admit  that  when  piles  are  driven  in  such  materials,  with  light  fall 
of  hammer  and  several  inches  or  even  feet  of  penetration,  it  can- 
not be  determined  by  such  formulae.  Although  possessing  little 
practical  value,  the  theoretical  and  empirical  lines  along  which 
such  formulae  have  been  evolved  will  be  briefly  described. 

407.  In  any  case  of  pile-driving  the  work  done  is  expressed  as 
a  quantity  by  the  product  of  the  weight  W  of  the  hammer  in 
pounds  by  the  fall  h  in  feet  =  Wli  foot-pounds  of  energy.  This 
energy  is  expended  in  some  manner  during  the  penetration  or  set 
8  of  the  pile;  and  if  the  mean  resistance  or  bearing  power  is  called 

P,  then,  considered  purely  as  a  question  of  dynamics,  P  =  — ;  or, 

12  Wh 

if  h  is  in  feet  and  s  in  inches,  P  = . 

s 

In  this  relation  all  questions  concerning  the  elasticity  and  com- 
pressibility of  hammer,  pile,  and  soil ;  of  relative  weights  of  hammer 
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and  pile;  of  frictional  resistances  and  air  resistances — have  been 
eliminated.  Some  of  these  are  of  very  little  moment — such  as  the 
frictional  resistance  of  air  and  in  the  guides  of  the  driver,  elasti- 
city of  hammer  and  pile.  So  far  as  the  relative  weights  of  the 
hammer  and  pile  are  concerned,  it  may  simply  be  said  that  the 
hammer  should  always  be  as  heavy  as  the  pile;  generally  it  is  very 
much  heavier. 

With  these  causes  of  loss  eliminated,  the  energy  of  the  blow  is 
absorbed  in  some  or  all  of  the  following  ways : 

(1)  In  brooming  the  pile  at  head  or  point  or  at  some  intermedi- 
ate point,  or  in  all  at  the  same  time. 

Brooming  of  the  head  is  an  enormous  source  of  loss  of  energy, 
both  directly  and  in  cushioning  the  blow.  Some  brooming  always 
occurs.  This  can  be  remedied  by  cutting  the  broomed  part  oflf, 
thereby  presenting  a  firm,  solid  head  to  receive  the  blow.  Conse- 
qnently  this  need  not  enter  into  consideration,  so  far  as  a  formula 
is  concerned.  Brooming  of  the  pile  at  the  point  does  not  diminish 
the  energy  of  the  blow,  but  dissipates  it  without  any  useful  result. 
No  formula  does  or  can  provide  against  it. 

(2)  Bouncing  simply  means  that  all  the  energy  of  the  blow  can- 
not be  utilized  in  work.  It  occurs  while  the  pile  refuses  to  pene- 
trate, as  when  it  reaches  rock;  or  from  the  hammer  being  too  light 
or  its  striking  velocity  too  great,  or  both,  to  set  the  pile  in  motion 
before  it  reacts  elastically  with  more  force  than  the  hammer  is  ex- 
erting to  drive  it  down.  This  bouncing  means  so  much  absolutely 
wasted  energy,  because  the  energy  escapes  from  the  pile  before  it 
begins  to  move.  The  remedy  is  to  diminish  the  fall.  A  slight 
bounce  at  the  end  of  every  blow  should  occur. 

(3)  In  overcoming  the  inertia  of  the  pile  and  the  static  grip  of 
the  earth  npon  it.     This  is  not  considered  in  the  formula. 

(4)  In  causing  the  pile  to  penetrate  against  the  earth's  resist- 
ance. 

408.  Therefore  the  only  important  point  to  be  considered  is  the 
external  resistance  to  motion  of  the  pile,  as  the  other  questions  are 
too  insignificant  to  consider;  are  either  self-compensating,  or  are 
not  capable  of  being  provided  for  in  a  formula;  or,  finally, 
can  be  eliminated,  as  in  brooming  by  cutting  tlie  part  off  or  in 
bouncing  by  reducing  the  fall  or  increasing  the  weight  of  the 
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S-tl  iSl lo' 

wh 
S+1 


Fig.  182. 


hammer.  These  things  granted,  the  general  theory  upon  which 
Mr.  A.  M.  Wellington's  formula  is  deduced  is  briefly  discussed 
B'  B  o  below.     Seasoning  from  the  general 

laws  of  friction  and  the  known  nature 
of  earth,  there  must  be,  at  the  mo- 
ment of  impact,  a  very  large  excess 
of  external  resistance  OD,  Pig.  182, 
due  (1)  to  the  excess  in  the  coeffi- 
cient of  static  friction,  or  of  friction 
at  low  velocities  oyer  that  at  relatively 
high  velocities;  (2)  to  the  setting  of 
the  earth  around  and  into  the  irreg- 
ular- surface  of  the  pile  between  the 
blows.  This  excessive  friction  at  the 
moment  of  impact  decreases  rapidly  to  some  point  £,  where  it  will 
have  a  much  reduced  value  S^C,  which  will  remain  sensibly  con- 
stant during  the  remainder  of  the  set.  Then  the  area  of  the  irregu- 
lar figure  ODEFSO  represents  the  foot-pounds  of  energy  expended 
=  Why  The  nearest  measure  of  the  future  bearing  power  of  the 
pile  will  be  the  comparatively  uniform  frictional  resistance  to  pen- 
etration SF  in  Fig.  182,  after  the  excessive  initial  resistance  has 
been  overcome,  since  this  excess  is  due  in  large  part  to  the  sudden- 
ness of  the  blow  on  the  pile,  and  a  smaller  continuous  pressure  of 
force  may  overcome  it;  and,  in  addition,  tremors,  seepage  of  water, 
and  yielding  of  the  surrounding  soil  may  overcome  it.  The  prob- 
lem, then,  is  to  construct  a  rectangle 

OS'CB'  =  ODEFSO  =  08FB'  +  DB'E  =  Wh. 

To  make  this  construction,  the  assumption  is  made  (based  entirely 
on  observation  of  the  behavior  of  piles  in  driving  and  on  a  study  of 
the  general  laws  of  friction)  that  the  decreasing  excess  resistance 
outlined  by  the  line  ED,  and  whose  value  in  foot-pounds  is  ex- 
pressed by  the  irregular  area  B'EDy  is  confined  within  the  first 
inch  of  penetration,  i.e.,  B'E  =■  1;  and  the  initial  excess  B'D  = 
3jB'0  =  ZSF.     Then  the  triangle 


B'FD  =  \B'D  X  B'E  =  i(05'  x  3)  x  1  =  \\0B\ 
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The  irregular  area  B'E'ED  =  J  of  the  triangle  B'ED  =  f  of 
\\0W  =  OB'  X  1.    Then,  to  determine  the  value  of 

OB'^SF^S^C, 

we  must  add  to  the  rectangle  OB'FS  an  area  =  OB'  x  1,  which  is 
done  by  making  8S'  =  1  and  S'C  =  OB'  =  5,  the  assumed  max- 
imam  bearing  power  of  the  pile;  whence  Wh^  R  y.  (8-^-1)* 


8+1' 

If  ^  iB  in  feet  and  S  in  inches. 


12  Wh 

s=r^i' (278) 

and,  assuming  a  factor  of  safety  of  6, 

^=^ (279) 

This  is  commonly  known  as  the  Engineering  News  formula 
for  the  safe  bearing  power  of  piles. 

Assuming  weight  of  hammer  2500  pounds,  fall  30  feet,  penetra- 
tion 3  inches,  R  = =  37,500  pounds  is  the  value  of 

o  +  l 

the  bearing  power.  The  author  of  this  formula  claims  that  it  will 
always  give  safe  loads.  He  does  not  claim  absolute  accuracy,  and 
recommends  that  the  results  be  checked  by  actual  experiment, 
when  large  numbers  of  piles  are  to  be  driven  for  important  pur- 
poses, and  where  failure  would  be  likely  to  cause  great  loss  of  prop- 
erty, or  even  of  life.  The  writer  has  studied  conditions  and  require- 
ments in  pile-driving,  and  in  addition  built  many  structures  on 
piles  driven  in  a  great  variety  of  soils,  and  while  believing  that  no 
formula  based  simply  upon  the  relations  between  weight  and  fall  of 
hammer  and  the  average  penetration  in  the  last  few  blows  can  be 
implicitly  relied  on  under  all  conditions,  yet  he  does  not  hesitate 
to  commend  the  above  as  probably  the  most  rational,  simple  in  ap- 
plication, and,  under  usual  conditions,  as  safe  a  guide  as  any  other. 
There  are  many  other  formulae  used,  but  this  alone  is  given  as 
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developing  approximately  the  actual  mode  of  penetration  .of  a  pile 
when  struck  with  a  hammer. 

409.  There  is  one  point  that  seems  to  be  lost  sight  of  in  measur- 
ing the  bearing  power  of  piles,  when  actual  bearing  resistance  and 
friction  of  the  soil  on  the  pile  surface  are  alone  considered,  and 
that  is  the  lateral  displacement  of  the  soil  as  the  pile  penetrates, 
either  from  a  blow  or  steady  pressure  or  load.  Assuming  a  pile  9 
inches  in  diameter  at  the  bottom  and  15  inches  at  the  surface  of 
the  ground,  the  area  at  lower  point  is  Ttd^  -r-  4  =  3.1416  X  (9)' ~-4 
=  63.6  square  inches,  at  top  =  3.1416  X  (15)'  -f-  4  =  176.72  square 
inches,  and  increasing  regularly  between  these  limits.  When  a  pile 
settles  one  foot,  the  soil  must  be  pressed  outwards  for  the  whole 
length  of  the  pile  in  order  to  make  room  for  the  continually  increas- 
ing area.  This  suggests  a  reason  for  the  observed  fact  that  piles  often 
settle  under  a  load  for  a  short  distance  and  then  stop.  On  the 
theory  of  the  great  reduction  in  frictional  resistance  after  once 
moving,  it  would  seem  that  there  would  be  a  great  tendency  to  con- 
tinue until  some  firm  soil  was  reached  but  for  this  continual  dis- 
placement and  consequent  check  to  the  reduction  in  the  frictional 
resistance  by  additional  pressure  developed. 

410.  The  only  other  view  that  will  be  taken  of  this  subject 
disregards  entirely  the  consideration  of  the  weight  of  hammer, 
fall,  and  penetration  of  the  pile,  and  the  manner  in  which  the  pile 
has  been  driven.  It  simply  considers  the  condition  of  a  stick  of 
timber  or  shaft  of  iron  imbedded  to  any  depth  in  the  material,  what- 
ever its  nature,  and  whether  driven,  sunk  by  hand,  or  by  means  of 
the  water- jet,  and  after  such  an  interval  of  time  that  all  disturb- 
ance has  subsided,  the  material  having  closed  in  around  the  piles, 
and  all  conditions  normal- and  permanent,  until  the  pile  actually 
moves  or  settles  under  its  load,  aided  by  tremors,  seepage  of  water 
along  its  surface,  or  other  similar  causes. 

It  is  well  known  that,  regardless  of  all  the  sources  of  loss  of 
energy  discussed  in  the  preceding  paragraphs,  the  disturbed  con- 
dition of  the  surrounding  soil  prevents  the  actual  penetration  dur- 
ing the  process  of  driving  from  being  a  measure  of  the  support- 
ing power  of  the  pile.  Hence  it  is  contemplated  that  the  value  of 
the  penetration  s  in  eq.  (279)  shall  be  that  found  after  the  pile  has 
had  an  interval  of  rest  anvwhere  from  1  to  24  hours  in  order  that 
the  new  and  permanent  conditions  be  attained,  and  all  broomed 
portions  cut  off,  so  that  blows  may  be  delivered  on  a  firm  and  solid 
surface.     These  conditions  to  a  great  extent  render  the  applicatiou 
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of  such  formulae  difficult,  except  on  a  few  test  piles  of  a  group, 
as  too  much  time  would  be  lost.  As  it  is,  8  to  20  piles  driven  in  a 
day  is  good  average  work. 

The  pile  being  in  place  and  under  permanent  conditions,  regard- 
lesslj  of  how  it  got  there,  must  have  an  inherent  bearing  power 
measured  solely  by  the  resistance  or  bearing  power  of  the  material 
at  the  lower  end  of  the  pile  and  the  frictional  resistance  of  the 
material  on  its  exposed  surface.  If,  then,  P  =  bearing  power  of 
the  pile,  R  =  the  bearing  resistance  of  the  soil  per  square  foot,/  = 
the  frictional  resistance  per  square  foot  between  earth  and  timber, 
S  =  the  exposed  surface  of  the  pile  in  square  fe^,  and  A  the  area 
of  cross-section  of  the  pile  at  its  lower  end,  then 

P  =  BA  +  Fs (280) 

As/ varies  with  the  pressure,  it  would  be  greater  as  the  depth 
of  the  pile  in  the  soil  increases.  Under  any  circumstances  /  must 
be  determined  entirely  by  experiment,  and  deduced  by  a  large 
number  of  experiments  on  a  large  number  of  piles  in  a  great  variety 
of  material;  and  the  bearing  resistances  of  the  soil  must  be  deter- 
mined by  a  similar  series  of  experiments  in  different  soils  and  at 
different  depths  below  the  surface  of  the  ground.  Unfortunateljf 
our  knowledge  of  either  of  these  forces  is  meagre  and  unreliable. 
The  common  practice  is  to  allow  from  1000  to  5000  pounds,  accord- 
ing as  the  material  is  soft  and  silty  or  firm  and  compact,  as  gravel, 
sand,  and  clay  or  mixed  earths.  The  remaining  portion  of  the 
resistance  must  then  be  ascribed  to  friction.  In  the  absence  of 
more  reliable  data  the  author  suggests  the  following  values : 

Table  XL VII. 

In  very  soft  silt  or  liquid  mud  \R  =       0;  /  =  150  lbs.  per  sq.  ft. 

In  ordinary  clay  or  earth  (dry)  R  =  3000;  /  =  300  "     '' 

In        «           ''     "     "      (wet)  i2  =  2000;  /  =  150  "     " 

In  compact  hard  clay  E  =  5000;  /  =  300 

In  sand  or  sand  and  gravel  R  =  5000;  /  =  500  ** 


Si 
a       a        ti 


A  small  pile  12  inches  top,  11  inches  average,  and  10  inches 
at  bottom,  top  area  113.1  square  inches,  bottom  78.54  square  inches. 
Such  a  pile  driven  in  the  soil  presents  when  30  feet  long  about 
S6.5  square  feet  of  surface  over  its  entire  length.  Applying,  then, 
eq.  (280),  P  =  RA  +fS. 


4S6      THEORY  OF  PRESSUBE  APPLIED  TO  PILE  FOUNDATIONS. 

Pounds  per  Pile. 
In  soft  silt  P  =        0  X  ^     +  150  X  86.5 12,900 

In  dry  eai-th  P  =  3000  X  ^  +  300  X  86.5 27,600 

In  wet  earth  P  =  2000  X  ^^f  +  150  X  86.5 14,000 

In  hard  clay  P  =  5000  X  ^  +  300  X  86.5 29,600 

In  sand  and  gravel  P  =  5000  X  jIj  +  500  X  86.5 48,250 

When  driven  from  60  to  70  feet  in  the  ground  the  softest  of  the 
above  materials  will  carry  the  heavy  loads  mentioned  in  paragraphs 
384  and  405. 

411.  Bankine%  theory  of  earth-pressnre  can  be  easily  applied 
to  the  bearing  power  of  piles.     Let 

w  =  weight  of  one  cabic  foot  of  the  material; 

A  =  area  of  cross-section  of  pile  at  the  bottom; 

X  =  depth  of  pile  in  the  soil; 

8  =  area  of  exterior  surface  of  pile; 

/  =  coefficient  of  friction  of  the  earth  on  the  pile  surface. 
Then,  as  in  paragraph  398,  eq.  (277),  the  bearing  power  of  the  earth 

against  the  foot  of  the  pile  =  Awxi    _^   . — ^  . 

The  horizontal  intensity  of  pressure  against  the  pile  at  any  depth 

X  =  wx^ — ; — ; — :i    for   minimum,  and    for    maximum   intensity 
1  +  sm  0  '' 

1  ~f~  sin  iff 
=  wx^        . — -ri  and  if/  is  the  coefficient  of  friction,  then  the 
1  —  sm  0'  -^  * 

intensity  of  friction  =  fwxzr-, — ; — ?  or  fwx-        .    \^;  and  for 
^  "^      1  +  sm  0        -^      1  —  sm  0' 

mean  or  average  friction  over  entire  lengths  of  the  pile 


Sfwxl  —  sin  0  Sfwx  1  -[■  sJQ  0 

2     1  +  sin  0  2     1  —  sin  0* 


Then  for  the  total  bearing  power  of  the  pile 

P  =  Aw4\±^)'  +  '^  il^^  minimnm;  (281) 

\1  —  sm  0/  2     \1  +  sm  0/  ^  \      ' 

P'  =  Afcx(]-±^)'  +  ''^^  f '-i--'i-t)  maximum.  (282) 

\1  —  sm  0/  2     \1  —  sm  0; 
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The  only  uncertain  terms  in  these  equations  are  the  values  of 
4>  and/.     Values  for  0  have  been  given  iu  tables. 

The  writer  is  unable  to  find  any  values  of /for  timber  on  earth. 
For  masonry  on  dry  clay  <f>  =  27°,/=  0.51;  for  masonry  ou  moist 
clay,  0  =  14"*  to  18^%/  =  0.33;  for  wood  on  wood  (dry),  0  =  W 
to  26i%  /  =  0.25  to  0.5. 

By  actual  experiment  on  piles  in  liquid  mud  the  frictioual 
resistance  was  estimated  at  144  pounds  per  square  foot  of  surface 
on  a  pile  30  feet  in  the  material;  then  at  a  depth  of  15  feet  the 
weight  of  the  material  per  unit  of  area  =  1500  pounds,  would  give 
approximately  an  intensity  of  horizontal  pressure  =  1440  pounds. 
Hence  in  this  case/=  j^  =  0.1.     This  value  will  be  used  in  the 

following  example:   Let  A  =  —^  =  0.545,  as  in  preceding  ex- 
amples; w  =  110 pounds ;ic  =  30 feet;  6'=  86.5; /=  0.1;  0  =  15°; 

hence  (i±4ll4y  =  2.89;  1+^^  =  1.7;  J^?!^$  =  o.59. 
\1  —  sm  0/  1  —  sm  <p  1  +  sm  0 

Substituting  in  eqs.  (281)  and  (282),  above,  P  =  0.545  X  J 10 
X  30  X  2.89  + 110  X  0.1  X  15  X  86.5  X  0.59  =  13,620  as  the  mini- 
mum bearing  resistance  or  bearing  power,  P'  =  0.545  x  110  x  30 
X  2.89  +  110  X  0.1  X  15  X  86.5  X  1.7  =  29,461  as  the  maximum 
bearing  resistance.  This  would  correspond  with  wet  clay  as  found 
in  the  preceding  paragraph.  For  other  materials  and  depths  sunk 
it  is  necessary  simply  to  substitute  proper  values  for  a:,  0,  w,fy  8, 
and  A. 

If  proper  values  of  0,  S,  and  /  in  equations  above  are  deter- 
mined by  experiment,  it  would  seem  that  these  formulsB  would  pro- 
duce better  and  more  reliable  results  than  the  more  common  formulae 
would. 

In  the  absence  of  good  precedents  and  accurate  data  the  writer 
recommends  the  determination  of  the  bearing  power  of  piles  by 
actual  experiment  in  any  particular  caae  requiring  the  use  of  piles 
for  heavy  loads  and  important  structures. 

41S.  Water-jet — If  a  small  pipe  be  fastened  to  a  pile,  its  lower 
end  near  the  lower  extremity  of  the  pile,  and  its  upper  end  con- 
nected by  a  hose  to  a  force-pump,  the  pile  can  be  lowered  very 
rapidly  through  almost  any  material,  excepting  rock,  by  forcing 
water  through  the  pipe.  This,  issuing  with  great  pressure  at  the 
point  of  the  pile,  loosens  the  material,  and  the  pile  will  often  sink 
under  its  own  weight;  if  not,  weights  can  be  placed  on  it,  or  it  may 
be  struck  with  light  blows  of  a  hammer.     Great  depths  have  been 
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reached  by  this  process.  It  is  especially  advantageous  in  compact 
sand  and  gravel,  and  much  to  be  preferred  to  many  blows  of  a 
heavy  hammer  in  such  materials. 

FOUNDATIONS  IN  WATER. 

413.  For  foundations  under  water,  either  on  the  natural  beds 
of  the  lake  or  stream,  or  at  great  depths  below  the  beds,  the  pre- 
paration and  construction  will  be  similar  in  every  respect  to  the 
various  methods  already  explained  for  foundation-beds  and  founda- 
tions on  land,  and  no  further  description  will  be  needed. 

The  important  problem  in  this  case  is  the  selection  and  em- 
ployment of  the  best  means  of  reaching  the  foundation-beds,  and 
protecting  them  from  the  scouring  action  of  currents. 

This  naturally  divides  the  subject  into  the  following  cases:  (1) 
Where  the  water  is  shallow  and  has  no  current;  (2)  where  the 
water  is  shallow  and  there  is  a  current;  (3)  where  the  water  is 
frd^  15  to  20  feet  deep  and  has  no  current,  (4)  where  there  is  a 
current,  and  when  in  cases  (3)  and  (4)  the  structure  is  of  no  very 
great  magnitude;  and  (5)  where  it  is  necessary,  owing  to  tbe  magni- 
tude of  the  structure,  to  reach  great  depths  below  the  water  surface, 
varying,  we  may  say,  from  30  to  200  feet.  This  case  will  be  dis- 
cussed under  the  head  of  Deep  Foundations. 

414.  In  case  (1)  a  simple  earthen  dam  can  be  constructed 
around  the  space  to  be  occupied  by  the  structure.  The  thickuess 
of  this  dam  need  not  be  over  from  3  to  5  feet  at  the  top.  and  its 
height  above  water  from  2  to  3  feet.  The  side  slopes  should  not 
be  less  than  from  2  to  1  to  3  to  1 ;  they,  however,  will  assume  an 
angle  of  repose  depending  upon  the  material  used.  These  consid- 
erations will  determine  the  linear  dimensions  of  the  dam.  If  any 
depth  of  excavation  is  to  be  made  in  the  bed,  widths  for  similar 
slopes  must  be  provided  and  the  dimensions  of  the  dam  corre- 
spondingly increased.  The  water  is  then  pumped  out,  the  bed 
excavated  and  levelled  so  as  to  be  perpendicular  to  the  direction  of 
the  pressure,  and  upon  this  timber,  concrete,  or  masonry  may  be 
commenced,  or,  if  necessary,  piles  can  be  driven. 

416.  If^  as  in  case  (2),  there  is  a  current,  earth  dams  alone  will 
not  answer.  The  space  may,  however,  be  closed  by  driving  a  few 
long  piles,  to  which  are  fastened  horizontal  pieces  of  timber  called 
tvales;  outside  or  between  these  plank  or  sheet-piles  are  driven  into 
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the  Boil,  snd  spiked  to  the  wales,  or  they  may  be  driven  between 
two  wale-pieces.  The  guide-piles  need  oot  be  over  S  or  10  iuches 
in  diameter,  aud  driven  G  or  8  feet  apart;  the  walea  are  6  x  4  or 
6X6  inches,  «nd  the  sheet-pileB  3  to  3  inches  thick.  Earth  should 
then  he  piled  up  around  and  against  the  sheeting — gravelly  or  sandy 
day  will  he  best, — and  the  exposed  snrface  should  be  riprapped  or 
pared  with  stone.  Such  a  dam  will  usually  require  bracing  on  the 
inside  to  resist  the  water  pressure,  but  if  it  is  made  large  enough 
earth  can  be  piled  against  the  sheeting  on  the  inside,  this  is  the 
better  plan.  It  is 'always  bad  practice  to  make  such  dams  too 
■mall.  The  water  is  then  pumped  out,  and  the  bed  prepared  as  be- 
fore described.  The  sheeting  is  sometimes  made  6  or  8  inches 
thick,  tongned  and  grooved.  This  arrangement  will  make  a  strong 
dam.  Sometimes  two  or  three  layers  of  plank  are  driven,  breaking 
jointfl.     These  cases  are  represented  in  Fig.   183.     The  drawing 
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shovs  a  Tertioal  section  through  the  coffer-dam.  The  left  wall  is 
shown  with  earthen  embankment  on  both  sides,  the  outer  slope 
covered  with  broken  stone.  On  the  right  a  single  wall  with  tongued 
and  grooved  sheeting.  Plans  of  left  and  right  walls  are  shown  op 
the  right.  Instead  of  the  tongue  and  groove  proper,  as  shown  at 
A,  both  pieces  may  be  grooved  and  planks  3  to  5  inches  wide 
and  2  inches  thick  are  driven  into  the  grooves  of  the  adjacent 
pieces,  as  shown  at  B,  in  the  plan.  This  latter  arrangement  will 
generally  prove  more  convenient  and  satisfactory,  as  the  perfect 
contact  of  the  sheeting  plank  will  not  he  necessary.  At  C  in  Fig. 
183  shores  or  braces  are  shown  resting  against  the  main  piles  at 
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their  upper  extremities,  and  against  posts  driyan  into  the  soil  at 
their  lower  extremitiee.  fff^ 

416.  This  construction  can  be  made  in  soarewhat  deeper  water, 
bnt  the  main  piles  must  be  at  least  12  inches^ in  diameter,  driven 
well  into  the  bottom  and  placed  close  together,  as  the  braces  cannot 
be  placed  nntil  the  water  is  pumped  out,  they  must  carry  for  a 
while  the  entire  water  pressure;  and,  in  addition,  ample  room  mast 
be  left  on  the  inside  between  the  timber  wall  and  the  excavation  in 
order  that  the  braces  may  be  well  supported.  The  general  problem 
of  fluid  pressure  will  be  discussed  under  the  head  of  Geservoir  Wails. 
Its  practical  application  will  be  given  in  this  place.     Fig.  Idl 
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repreeents  an  oblique  view  of  a  part  of  one  side  of  a  single-wall 
coffer-dam.  The  depth  of  the  water  is  taken  at  10  feet.  HM,  LN, 
and  KU  are  three  of  the  main  piles;  BO  =  QD  =  RO  =  10  feet, 
the  depth  of  the  water;  BORST  the  water  surface;  CDOEFA  the 
bed  of  the  riyer;  n...a,the  sheet-piles;  P,P,  the  braces;  Q,  Q, 
the  posts  io  support  braces;  /,  the  eicayation  on  the  interior.  The 
drawing  is  not  made  to  exact  scale,  as  it  is  intended  to  show  con- 
apicnonsly  certain  parts  and  details.  It  is  required  to  find  the 
diameter  of  the  main  piles  when  4  feet  apart  in  the  clear  or  5  feet 
centres,  and  also  the  thickness  of  the  sheet-piles,  these  being  8 
inches  wide,  the  pressure  acting  on  10  feet  of  their  lengths.  The 
extreme  maximum  fibre  strain  is  not  to  exceed  1000  pounds,  and 
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the  dimensions  of  the  braces  P,  which  are  7  feet  long,  must  be  such 
that  the  maximum  fibre  strain  on  the  main  pile  shall  not  exceed 
the  limit  above  given;  the  braces  assumed  to  bear  safely  500 
pounds  per  square  inch  of  their  cross-sections.  In  order  that  the 
sheeting  may  transmit  the  pressure  to  the  main  piles,  a  wale-piece 
should  be  placed  against  the  piles  at  ^  of  the  depth  of  the  water 
from  the  bed  of  the  stream,  that  is,  i  X  10  feet,  as  shown  at  IVW, 
in  addition  to  the  one  near  the  top,  usually  at  or  a  little  above  the 
water  surface.  The  pressure  on  any  main  pile  will  be  equal  to  the 
pressure  on  an  area  equal  to  the  depth  of  the  water  multiplied  by 
a  distance  xi/,  extending  between  the  points  half  way  between  the 
pile  under  consideration,  L,  and  the  adjacent  piles  H  and  K  on 
either  side;  and  as  the  main  piles  are  all  equally  distant,  this  dis- 
tance will  be  equal  to  the  distance  between  adjacent  piles  H,  L^ 
Lj  K=  b  feet  centres.  The  area  supported  by  each  pile  =  5  x 
10  =  50  square  feet.  As  in  a  fluid,  the  pressure  is  zero  at  the  sur- 
face and  simply  increases  with  the  depth,  and  at  any  point  below 
the  surface  the  intensity  is  equal  in  all  directions  and  acts  normal 
to  the  surface  pressed.  If,  then,  in  Pig.  184,  BO  =  RO  be  taken  to 
represent  the  intensity  of  the  vertical  pressure  at  C  and  D,  then, 
laying  ofi  horizontal  lines  CA  and  OE  equal  to  BC,  they  will  repre- 
sent the  intensity  of  the  horizontal  pressure.  If,  then,  the  lines  AB 
and  ER  be  drawn,  the  horizontal  ordinates  of  the  triangles  BAC 
and  REO  will  represent  the  intensities  at  any  given  depth,  and 
the  weight  of  the  triangular  prism  ABO  ROE  will  represent  the 
total  pressure  on  the  side  of  a  portion  of  the  dam,  one  half  of  this 
will  be  the  pressure  supported  by  each  main  pile.  This  pressure 
is  uniformly  varying  and  distributed  over  the  vertical  surface  sup- 
ported by  each  pile;  but  the  pressure  is  concentrated  by  the  con- 
struction at  the  wale-piece  IVW,  Fig.  184,  or  Fin  the  figure.  This 
being  placed  at  one  third  of  the  depth  from  the  bottom  is  the 
point  of  action  of  the  resultant  pressure  of  the  water,  which  acting 
through  the  centre  of  gravity  of  the  prism  of  pressure,  this  point  g 
is  one  third  the  depth  from  the  bottom.  The  effect  then  is  the 
same  in  either  case.  Hence  the  main  pile  LNi^  in  the  condition  of 
a  beam  fixed  at  one  end  D  and  free  at  the  other,  and  acted  upon 
by  uniformly  varying  load,  or  its  equivalent  resultant  load  applied 
at  the  centre  of  gravity. 

Then,  from  equation  (139),  M^  =  ^  in  which  (from  table  45)^ 


492  FORMULA  FOR  STABILITY   OF  COFFER  DAMS. 

I  =  — ,  y  =  r,  and  the  radius  =  \dy  the  diameter  of  the  pile. 
Then  M^  =  =^-j-  =  m  Wl,  the  bending  moment,  from  which 


,      imWl        ,  s  UmWl 

•=—7 —     and    r  =  A/— ? — .    .    •    . 


(283) 


The  pressure  W=  area  ROB  X  GR  X  w';  w'  =  weight  of  a 
cubic  foot  of  water  =  62^  pounds;  area  ROB  =  iRO  X  BO 
=  i  X  10  X  10  =  50;  and  GR  =  5.  .-.  W=  50  X  5  X  62i  =  15,625 
pounds;  and  as  the  load  is  concentrated  at  F,  m  =  i,  /=  1000, 
Tt  =  3.1416,  and  /  =  10  feet  =  120  inches.  Substituting,  we  find 
r  =  9.3  inches  and  d  =  18.6  inches.  This  diameter  of  main  pile 
would  be  required  without  braces.  If,  then,  we  assume  the  braces 
P  to  be  6  X  6  inches  =  36  square  inches,  and  allow  300  pounds  per 
square  inch,  the  horizontal  component  of  the  pressure  on  the  braces 
will  be  36  X  300  =  10,800  pounds.  Then  in  eq.  (283),  W  =  15,625 
—  10,800  =  4825  pounds,  and  r  =  6.2,  and  the  diameter  =  12.4 
inches.  If  square  piles  are  used,  then  mWl  =  nf  bd*,  n  =^  6, 
d  =  12,  and  other  values  as  above;  then  5  =  8,  or  if  d  =  10^,  then 
h  =  10^  inches.  With  a  pile  12  inches  in  diameter,  since  the 
braces  cannot  be  inserted  until  the  water  is  pumped  out,  the  piles 
will  have  to  carry  the  entire  pressure  for  a  time.    Then,  from  eq. 

(283),  the  fibre  strain  /=  — j — ,  r  =  6.    Hence  the  fibre  strain 

would  be  /  =  3700  pounds.    Good  timber  would  stand  this  press- 
ure if  brought  to  bear  very  gradually  and  not  left  unsupported  too 

long.    The  deflection  under  this  load  would  be  v.  =  \  "  y,  in  which 

IF=  15,625;  Z  =  4  x  10  feet  =  40  inches;  B  =  1,500,000;  J=^ 

_  3.1416  X  (6)«  _  JQ17  gg      .        _  Q  22  inch. 
4 

The  sheeting  plank  being  supported  at  the  surface  of  the  water, 
and  also  at  the  wale-piece  6.67  feet  below,  will  only  have  a  clear 
length  of  6.67  feet.  The  pressure,  then,  on  a  plank  12  inches  wide 
will  be  i(6.67  X  6.67)  x  1  X  62^  =  1391  pounds.  The  resultant  act- 
iiisr  4  X  6.67  from  the  lower  waling-piece,  the  reaction  at  this  point 
will  be  t  X  1391  =  928  pounds.      Its   moment   =  928  X  26.64 
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=  24,722  pounds  =  ^  X  1000  X  12  xd".  .*.  d  =  3.5  inches  for  the 
thickness.     With  the  above  pressure  at  the  centre  of  its  length,  the 

deflection  ",  =  70  -pj  =  0.0004  inch,  which  could  not  hurt  any- 
thing. The  main  piles  shonld  be  driven  well  into  clay,  or  sand 
and  gravel — better  tbroagh  the  latter  into  clay,  if  practicable.  'I'he 
sheet-piles  need  not  be  driven  over  1^  to  2  feet  into  the  bed;  these 
are  not  supposed  to  add  any  resistance  to  overturning  bodily  of  the 
sides.     The  uniform  pressure  is  treated  as  a  single  force. 

417.  If,  however,  the  main  piles  are  omitted,  the  sheet-piles 
should  be  well  driven  as  stated  above  for  the  main  pUes,  or  at  least 
every  other  one,  and  wale-pieces  bolted  to  them  at  the  water  sur- 
face. In  this  case  the  sheet-piles  would  have  a  free  length  of  ten 
feet,  and  would  be  in  the  condition  of  a  beam  fixed  at  one  end  and 
loaded  at  the  distance  of  3.33  feet  =  40  inches  from  the  bed.     The 

load  on  each  piece,  if  ten  inches  broad,  would  be  r^^  x  10  x5  x  02^ 

=  2604  pounds,  moment  of  bending  J/,  =  2604  x  40  =  104,160  foot- 
pounds =  J  X  1000  x  10  X  </".  .-.  d  =  7.9,or,  say,  8  inches.  With 
grooves  2^  x  3  inches,  into  which  planka  2J  x  23  can  be  driven. 

418.  In  Fig.  185  is  shown  a  vertical  cross-section  of  a  double- 
wall  coffer-dam,  in  which  clay  puddle  is  deposited  between  the 


walls  in  order  to  prevent  leaks,  and,  as  cohimonly  stated,  to  give 
stability  to  the  walla  and  prevent  overturning  by  the  pressure  of 
the  water. 

Mr.  Rankine  states  that  for  any  depth  of  water  under  ten  feet 
the  thickness  of  the  walls  of  the  dam  should  be  equal  to  the  depth. 
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and  for  greater  depths  than  tea  feet  add  one  foot  for  each  three  feet 
over  ten  feot.  This  is  to  give  stability  to  the  walls.  From  two  to  five 
feet  of  clay  puddle  is  neceasary  to  prevent  leakage. 

This  statement  has  been  repeated  in  books  published  ever  since, 
and  DO  donbt  tanght  in  schools.  No  special  reasoos  have  been 
given  for  this  assumption.  The  writer  is  not  aware  of  any  theory 
setting  forth  the  principles  by  which  the  proper  thickness  can  be 
determined. 

Having  given  the  only  rule  known  to  the  author  for  the  proper 
thickness,  he  proposes  to  discuss  this  question  from  what  seems  to 
him  the  proper  standpoint.  The  experience  derived  from  the  con- 
struction of  many  coffer-dams  under  his  supervision  fully  confirms 
the  principles  to  be  stated. 

Fig.  186  shows  a  plan  and  Fig.  185  a  vertical  section  ot  • 
double-wall  coffer-dam  as  usually  constructed. 


419.  This  represents  a  coffer-dam  which  was  designed  to  carry 
a  pressure  due  to  a  depth  of  water  of  15  feet,  and  an  excavation 
througii  about  6  or  T  feet  of  gravel  and  sand  to  an  underlying  bed 
of  hard  clay,  upon  which  a  combined  timber  and  concrete  base 
about  3  feet  thick  was  formed.  An  excavation  for  this  was  made 
in  the  hard  clay.  This  was  done  although  the  surface  of  the  clay 
was  practically  level,  as  the  structure  could  thus  be  better  bonded 
into  it.  The  height  of  the  pier  was  97.32  feet,  built  of  sandstone ; 
top  dimensions,  9  x  23  feet:  bottom  of  neat  work,  42.2  x  16,.'>0 
feet.  The  great  increase  in  lengtli  was  due  to  the  addition  of 
circular  ends  below  high-water  level. 

Four  otTset  courses  increased  these  dimensions  to  49.0  X  23,0  feet. 
The  concrete  base  gave  an  adilitioual  increase  of  5  feet,  making 
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the  extreme  bottom  dimensions  54.0  X  28.0  feet.  Profiting  by  the 
almost  complete  failure  of  another  dam^  which  could  be  attributed 
to  either  one  of  three  following  causes:  (1)  Short  piles  not  driven 
deep  enough  into  the  bed  of  the  stream;  (2)  piles  of  too  small  di- 
ameter; (3)  making  the  enclosed  area  too  small,  requiring  the  exca- 
vation for  the  masonry  to  be  carried  too  close  to  the  inner  wall  of 
the  dam.  The  failure  was  due  to  causes  (1)  and  (3).  The  writer, 
with  these  experiences  and  the  lateness  of  the  season,  the  probable 
rises  in  the  river,  and  the  importance  of  completing  the  founda- 
tions as  rapidly  as  possible,  determined  to  make  no  mistake'if  it 
could  be  avoided.  Interior  bracing  was  impracticable,  owing  to  the 
great  dimensions  required.  Th'b  methods  of  constructing  an  inner 
crib,  open  top  and  bottom,  and  sinking  this  by  weights  and  excava- 
tion in  the  interior,  thereby  holding  the  sides  of  the  dam  in  place, 
are  fully  explained  by  the  author  in  a  special  volume  on  Founda- 
tions. 

Sawed  white-oak  piles  12  x  12  inches  at  top,  10  x  10  inches  at 
bottom,  were  ordered.  These  were  25  feet  long.  They  were  driven 
four  centres  in  each  row.  The  intention  was  to  have  the  rows 
7  feet  6  inches  centre  to  centre,  8  feet  6  inches  out  to  out,  which 
would  give  5  feet  in  thickness  of  puddle.  Owing  to  bad  alignment 
of  the  piles  the  puddle  filling  varied  from  2i  to  5  feet  in  thickness. 
A  margin  of  at  least  10  feet  was  provided  between  the  bottom  di- 
mensions  of  masonry  and  the  inner  lines  of  the  sides  of  the  dam, 
making  the  clear  area  of  the  dam  74.0  x  48.0  feet.  The  water  was 
pumped  out  under  a  head  not  exceeding  10  feet.  There  was  no 
excessive  leak  at  any  point  of  the  dam,  no  evidence  of  yielding. 
The  usual  bulging  of  the  sheet-piles,  which  were  only  2  to  2^ 
inches  thick,  was  observable.  This  the  writer  attributes  mainly  to 
the  swelling  of  the  clay  when  it  is  thrown  into  the  water,  and  the 
subsequent  ramming. 

The  main  piles  were  driven  through  the  gravel  and  from  1  to  2 
feet  in  the  clay,  using  the  ordinary  pile-driver.  The  sheet-piling 
was  driven  by  mauls  a  depth  of  1|  to  2  feet  in  the  gravel  and  sand. 

After  pumping  out  the  water,  both  for  economy  and  for  sup- 
porting the  dam  on  the  inside,  it  was  determined  to  shovel  as  much 
of  the  material  as  practicable  from  the  centre  portion  to  the  sides, 
banking  it  against  the  walls  of  the  dam.  The  extra  weight,  the 
finer  material,  and  the  water  present  caused  the  material  to  slip  or 
flow  back.  In  order  to  support  this,  two  rows  of  12  x  12  inch  tim- 
ber were  laid  so  as  to  enclose  only  the  actual  area  of  the  base  of  the 
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pier;  these  were  placed  about  3  inches  apart,  and  small  bolts  pnt 
through  them  at  intervals.  In  this  open  space  pieces  of  plank 
about  7  feet  long  were  inserted  and  driven  into  the  underlying 
material.  The  excavation  was  again  commenced,  and  the  material 
thrown  behind  the  sheeting.  As  this  advanced  men  passed  around, 
driving  the  sheeting  a  few  inches  at  a  time,  always  keeping  it 
a  little  below  the  excavation.  This  arrangement  prevented  the 
material  from  flowing  back,  and  held  it  in  place  against  the  sides  of 
the  dam,  it  also  reduced  the  excavated  material  to  a  minimum, and, 
further,  avoided  the  expense  of  lifting  it  out  in  buckets  and  carry- 
ing it  to  the  dumping  pools  on  barges.  (See  also  example  under 
head  of  Tunnelling  in  Open  Cut.) " 

420.  Experience  in  this  and  other  dams  convinced  the  writer 
(1)  that  a  width  of  from  one  and  a  half  to  two  times  the  depth  to 
be  excavated  should  be  left  between  the  masonry  and  the  inner 
walls  of  the  dam;  (2)  that  the  stability  of  a  double- wall  coffer- 
dam does  not  depend  upon  the  thickness  of  the  sides;  and  (3)  tbat 
the  thickness  of  the  puddle-filling  need  not  be  over  that  required 
to  make  the  dam  water-tight.  This  will  depend  upon  the  material 
used.  With  good  compact  clay,  mixed  with  a  little  gravel  or  sand, 
a  thickness  of  2  feet  is  ample;  with  ordinary  loose  or  porous  earths, 
from  4  to  5  feet  in  thickness  will  be  required. 

In  the  writer's  experience,  coffer-dams  have  only  given  way  by 
the  pressure  forcing  the  lower  ends  of  the  inside  row  of  piles  in- 
wards, thereby  letting  the  puddle  sink  downwards  and  spread  lat- 
erally, increasing  the  moment  of  its  pressure  on  the  inner  wall,  as 
the  upper  end  is  usually  tied  to  the  outer  row  near  its  top,  this 
continuing  to  press  the  lower  ends  inwards  until  failure  results. 
This  will  not  occur  if  the  preceding  precautions  have  been  taken. 

When  these  precautions  have  been  observed  the  strength  of  the 
dam  is  simply  limited  by  the  strength  of  the  main  piles,  as  the 
effects  of  the  overturning  tendency  are  resolved  into  a  bending 
action  on  the  main  piles  of  the  inner  row.  The  outer  row  is 
simply  acted  upon  by  the  difference  between  the  outward  pressure 
of  the  clay  puddle  and  the  inward  pressure  of  the  water  outside, 
and  practically  the  outer  wall  simply  acts  as  a  fixed  support  to  which 
the  inner  wall  is  tied  near  the  top. 

The  resultant  effect  is  that,  the  puddle  acting  to  press  the  out- 
side wall  outwards  and  the  inside  wall  inwards,  the  stability  is 
the  same  as  a  single-wall  dam  acted  upon  by  the  pressure  due  to  the 
depth  of  the  water,  increased  by  the  conversion  of  the  inner  wall 
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from  the  condition  of  a  beam  fixed  at  one  end  and  free  at  the  other 
to  that  of  a  beam  snpporjbed  or  partially  fixed  at  both  ends^  the  tie- 
rod  at  the  top  bringing  about  this  condition.  If  these  views  are 
correct,  it  is  only  necessary  to  apply  the  principles  discussed  in  para- 
graph 416  and  Fig.  184  to  the  condition  of  stability  for  the  inner 
wall  of  the  dam,  acted  upon  by  the  water  pressure  alone.  As  the 
depth  of  water  increases  the  number  of  wale-pieces  should  be  in- 
creased, so  that  the  unsupported  length  of  the  sheeting  plank  shall 
never  exceed  5  or  7  feet.  Hence  the  thickness  of  the  sheeting 
plank  need  not  be  increased  as  the  depth  of  water  increases. 

421.  Apply  these  principles  to  the  dam,  Figs.  185,  186,  assum- 
ing a  depth  of  10  feet  of  water  =  AB,  and  that  the  centre  of 
pressure  is  3^  feet  from  the  bottom  B,  at  which  point  the  middle 
wale-piece  is  placed.  This  would  leave  the  unsupported  length  of 
the  upper  section  of  sheeting  about  10  feet.  But  the  pressure  is  not 
great  near  the  surface,  and  if  considered  necessary  another  wale 
could  be  placed;  and  since  the  main  piles  are  4  feet  centres,  the 
pressure  borne  by  each  pile  =  i(10  x  10)  X  4  x  62^  =  12,500 
pounds,  and  the  reaction  at  the  bottom  is  |^  X  12,500  =  8334 
pounds.  /  =  3i  feet  =  40  inches;  then  the  moment  Jf^  =  8334 
X  40  =  I  ;X  1200  X  144  X  ft.  /.  ft  =  11.5  inches.  That  is,  the 
cross-section  of  the  pile  should  be  12  x  11.5  inches,  which  would 
be  very  close  to  its  dimensions  at  the  bed  of  the  river.  The  allow- 
able fibre  strain  for  good  oak  is  taken  at  1200  pounds.  This  dam 
was  subjected  to  several  rises  in  the  river,  producing  a  pressure  due 
to  a  head  of  water  from  12  to  15  feet,  but  only  after  it  was  well 
supported  on  the  interior  by  the  earth  piled  against  it.  In  any 
depth  of  water  over  12  to  15  feet  the  writer  would  recommend  some 
other  method  of  construction  unless  the  dam  is  strongly  braced  by  . 
timbers  from  side  to  side.  When  thus  braced  the  writer  has  used 
single-wall  dams  in  water  40  feet  deep.  This  will  be  explained 
under  the  head  of  Deep  Foundations. 

422.  The  above  theory  of  the  stability  of  coffer-dams  is  in  no 
manner  affected  by  the  fact  that  often  three  rows  of  main  and 
sheet  piles  have  been  driven  where  the  water  was  very  deep.  The 
inner  wall  will  fail  if  the  excavation  on  the  interior  is  made  too 
close  to  it,  regardlessly  of  the  thickness  of  the  puddle  or  the  number 
of  timber  walls.  The  tops  of  the  inner  rows  of  piles  are  more  firmly 
held  in  place,  as  there  are  two  fixed  walls  instead  of  one  to  which 
they  are  anchored.  But  the  top  reaction  of  the  pressure  is  relatively 
small,  and  decreases  rapidly  as  the  lower  extremities  of  the  piles  are 
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pressed  inwards.  When  the  inner  wall  fails,  it  is  true  that  the  dam 
as  a  whole  may  not  fail;  but  this  is  due  to  the  fact  that  the  middle 
or  second  wall  is  supported  on  the  interior  by  a  sloping  embank- 
ment of  earth,  whose  base  is  the  original  clear  width  between  the 
inner  wall  and  the  masonry  increased  by  the  width  between  the 
inner  and  middle  walls.  Equal  stability  would  have  been  secured 
had  only  two  walls  been  built,  leaving  the  inner  of  the  three  out  en- 
tirely, only  increasing  the  area  of  the  inclosed  space;  the  only  advan- 
tage with  three  walls  consists  in  a  feeling  of  security  that  if,  from 
defects  in  material  and  construction,  the  inner  wall  should  fail  dur- 
ing the  pumping  out  of  the  water,  the  entire  work  would  not 
collapse,  as  the  construction  enables  us  to  hold  a  mass  of  material 
in  position  and  readiness  to  form  a  sloping  bank  against  the  middle 
wall,  which  would  otherwise  have  been  originally  the  inner  walL 
If  a  coffer-dam  of  sufficiently  large  dimensions  has  been  con- 
structed, there  seems  to  be  little  excuse  for  failure  after  the  water  has 
been  pumped  out,  as  braces  or  an  embankment  against  the  interior 
wall  can,  and  should,  be  rapidly  placed  in  position.  The  great 
danger  to  coffer-dams  arises  from  the  difficulty,  if  not  impractical 
bility,  of  bracing  the  sides  and  ends  until  the  water  is  pumped  out. 

A  strong  system  of  bracing,  framed  and  floating,  and  sinking  as 
the  water  lowers,  can  be  stopped  and  wedged  against  the  sides  at 
any  desired  point,  or  simply  allowed  to  sink  and  be  in  the  position 
to  support  the  sides  if  necessary;  or  the  inner  or  third  wall,  even  if 
constructed  but  poorly,  will  hold  the  material  to  give  support  to 
the  middle  wall.  This  inner  wall,  if  it  stands,  can  do  no  harm ;  if 
it  fails,  it  has  served  at  least  a  good  purpose,  and  can  be  removed 
without  impairing  the  strength  or  stability  of  the  dam. 

The  above  theory  simply  resolves  itself  into  the  following: 
Whatever  may  be  the  number  of  timber  walls  and  puddle  filling 
between  them,  the  unbalanced  inward  pressure  is  due  solely  to  the 
water  pressure  on  the  outside,  which  is  simply  transmitted  to  the 
inside  wall  and  entirely  supported  by  it.  The  outer  walls,  whether 
one,  two,  or  more,  simply  act  as  fixed  supports  to  which  the  inner 
wall  is  tied  by  iron  rods  near  their  tops.  So  long  as  the  piles  of 
the  inner  walls  are  not  undermined,  or  their  support  is  not  too 
much  diminished  by  excavation  on  the  interior  of  the  dam,  any  ten- 
dency to  overturn  bodily  is  converted  into  a  transverse  strain  on  the 
main  (sheeting-piles  are  not  considered)  piles,  which  are  in  the 
condition  of  beams  supported,  or,  rather,  restrained  more  or  less 
rigidly,  at  both  ends,  and  loaded  with  a  uniformly  varying  load 
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equivalent  to  the  uniformly  varying  pressure  of  water.  In  order  to 
derive  the  full  benefit  from  tieing  the  inner  wall  to  the  outer  ones 
the  iron  tie-rods  should  be  placed  at  points  one  third  of  the  depth 
of  water  from  the  bottom^  and  also  near  the  top  of  the  piles. 

423.  Frequently  the  bed  of  a  river  is  composed  of  a  firm  ma- 
terial, or  rock.  This  can  be  levelled  by  dredging  in  case  of  earth, 
or  by  blasting  in  case  of  rock;  if  the  bed  is  of  softer  materials, 
piles  can  be  driven  and  cut  off  level  either  at  or  near  the  bed  of  the 
river.  In  any  of  these  cases  it  is  not  uncommon  to  construct  float- 
ing  a  platform  of  four  or  more  courses  of  timber  well  bolted  together. 
On  this  a  single-wall  coffer-dam^  composed  of  vertical  posts  framed 
into  caps  and  sills,  is  constructed;  long  pieces  are  placed  over  the 
top,  projecting  one  or  two  feet,  and  iron  bolts  are  used  to  connect 
these  securely  with  the  bottom  platform.  The  sides  are  covered 
with  one  or  two  courses  of  plank,  according  to  their  height;  the 
inner  course  is  usually  placed  diagonally,  the  outer  horizontally. 
The  entire  outside  is  well  calked.  One  or  two  courses  of  masonry 
are  built  on  the  inside  to  give  it  ballast.  It  is  then  floated  over  the 
site  prepared. 

The  masonry  is  built  until  it  neariy  reaches  its  bed.  It  is  then 
located  in  position  and  sunk  on  its  bed  by  letting  in  water.  If 
it  sits  level  and  true,  the  masonry  is  continued ;  if  not,  the  water  is 
pumped  out,  allowing  it  to  float,  its  position  is  readjusted,  and  it 
is  sunk  again.     (See  Fig.  187.) 


CUy.  Sand  or  Gravel  bed 

Fig.  187. 


Instead  of  using  timber  for  the  platform  and  sides,  the  entire 
caisson  has  been  made  with  thick  concrete  bottom  and  sides  en- 
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cioBing  an  open  space;  or  the  timber  bottom  can  be  nsed^  upon 
which  are  constracted  relatively  thin  walls  of  cement  concrete, 
or  of  brick  and  stone  laid  in  cement  mortar.  These  are  floated 
to  their  proper  positions,  'and  sunk  by  building  up  the  walls,  or 
filling  the  interior  with  masonry  on  concrete.  Timber  caissons 
are  doubtless  to  be  preferred.  Fig.  187  shows  a  timber  caisson  sink- 
ing  ofl^a  firm  bed  levelled  by  dredging,  the  lower  braces  removed, 
and  the  sides  supported  by  blocking  against  the  masonry;  the 
upper  braces  in  place,  and  to  be  removed  and  blocking  substituted 
when  the  masonry  reaches  them.  In  soft  materials  the  caisson 
should  rest  on  piles  cut  off  at  a  level. 

424.  Cribs  are  often  built  and  sunk  by  weighting  the  pockets 
with  broken  stone,  on  a  bed  prepared  as  in  the  last  paragraph.  In 
case  of  a  rock  bed,  if  much  out  of  level,  instead  of  blasting,  broken 
stone  is  deposited  and  well  levelled  off  by  divers.  Either  the  crib 
or  open  caisson  can  be  sunk  resting  on  the  broken  stone. 

425.  Iron  cylinders  can  be  sunk  around  a  cluster  of  piles,  or, 
omitting  the  piles,  they  may  be  sunk  either  by  dredging  the 
material  from  the  interior  and  loading  the  cyliuder  until  it  sinks 
to  the  proper  depth ;  or  the  cylinders  may  be  closed  at  the  top  and 
made  air-tight  at  all  joints,  and  by  connecting  an  air-lock  with  the 
upper  section  compressed  air  may  be  used  iu  sinking  the  cylinder. 
In  either  case  the  cylinders  are  usually  filled  with  concrete.  In 
the  first  case,  which  will  be  further  explained  under  Wells  for 
Foundations,  the  concrete  has  to  be  deposited  under  water,  which  is 
always  objectionable,  and  should  be  avoided  if  possible.  In  the 
second,  the  water  is  kept  out  by  the  compressed  air,  and  the  con- 
crete is  deposited  in  the  dry.  This  method  will  be  explained  under 
the  head  of  Pneumatic  Caissons  or  Cyliuders. 
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426.  Under  this  head  will  be  discussed  foundations  by  (1) 
well-sinking,  (2)  open  cribs,  (3)  pneumatic  caissons,  (4)  and  iron 
or  timber  screw-piles. 

The  methods  of  well-sinking  and  open  cribs  are  similar.  The 
design  and  construction  of  the  foundation  structures  differ.  The 
first  has  been  used  to  a  great  extent  and  on  a  large  scale  by 
English  engineers;  the  second  by  American  engineers. 

The  methods  of  sinkiug  are  the  same  in  both  cases,  and  will 
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only  be  described  once.  The  designs  and  construction  will  be  dis- 
cussed separately. 

427.  Well-sinking  is  the  favorite  method  of  constructing  foun- 
dations in  India,  and  to  a  greater  or  less  *extent  in  England.  The 
wells  or  cylinders  may  be  made  of  iron  plates  or  castings  riveted  or 
bolted  together  in  sections,  which  are  built  up  as  the  cylinder 
sinks.  This  is  lined  usually  with  brick  or  stone  masonry,  which 
not  only  gives  strength  and  stiffness,  but  also  furnishes  the  neces- 
sary weight  to  sink  them  against  the  direct  and  frictional  resist- 
ances. The  iron  casing  may  extend  from  bottom  to  top  of  the 
completed  structure,  or  it  may  only  extend  a  portion  of  the  height 
from  the  bottom,  leaving  the  exterior  surface  of  the  masonry  ex- 
posed for  the  remaining  portion  of  the  height. 

Occasionally  two  concentric  cylinders  of  iron  are  used,  the  an- 
nular space  between  the  two  being  filled  with  concrete.  These, 
however,  resemble  more  closely  the  open  crib  construction. 

The  diameters  of  such  cylinders  vary  from  6  to  40  feet  or  more. 
The  masonry  lining  varies  from  1  to  5  feet  in  thickness.  The 
depths  sunk  vary  from  3  feet  to  TO  feet  or  mor^.  In  all  cases  a 
bottom  section  is  made  of  iron,  either  solid  or  hollow,  having  a 
wedge-shaped  cross-section  in  order  to  form  a  cutting  edge.  The 
width  of  the  base  of  the  wedge  is  about  equal  to  the  thickness  of 
the  masonry  wall  resting  upon  it.  Its  height  varies  from  1  to  9  or 
10  feet. 

The  construction  and  method  of  sinking  is  the  same  for  large 
and  small  cylinders,  whether  sunk  in  dry  land  or  through  water 
into  the  bed  of  the  river.  This  being  the  case  the  following  draw- 
ings and  description  will  answer  for  all  types,  the  only  difference 
being  in  the  dimensions  of  cylinders  and  thickness  of  masonry  lin- 
ing. The  example  taken  shows  the  largest  cylinders  of  which  the 
writer  has  any  knowledge,  and  is  typical  of  all  such  constructions. 

Fig.  188  shows  a  vertical  longitudinal  section  and  part  elevation 
of  the  cylinders  for  the  rectangular  piers,  and  Fig.  189  the  same  for 
a  round  or  pivot  pier.  The  total  depth  sunk  was  48  feet  below  the 
bed  of  the  river — about  65  below  mean  high  water.  They  were  filled 
with  concrete  to  a  height  of  65  feet  from  the  lower  end,  on  which 
was  placed  a  floor  of  brickwork  several  feet  in  thickness,  giving  a 
total  height  of  70  feet,  bottom  to  top  of  pier.  The  wedge-shaped 
shoe  or  bottom  section  was  9  feet  in  height;  the  outer  face  vertical, 
the  inner  face  on  a  slope  such  that  at  the  top  its  thickness  was  6^  feet ; 
the  extreme  outer  diameter  is  43  feet;  the  clear  enclosed  space  30  feet 
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in  diameter.  Upon  this  were  placed  two  concentric  cylinders  of 
plate  iron  one-half  inch  in  thickness  to  the  height  of  15  feet.  The 
total  height  of  iron  is  34  feet.  The  shoe  was  formed  of  a  spcciitlly 
rolled  iron  ring  inserted  1)etween  the  plates  of  the  cylinders,  and 
the  whole  bolted  and  riveted  together.  This  height  of  ironwork 
was  intended  to  reach  from  the  bed  of  the  river  above  the  water 
surface.  Concrete  was  then  placed  in  the  hollow  shoe  after  float- 
ing the  cylinder  to  its  proper  site,  and  under  about  2W  tons  of 
concrete  the  cylinder  rested  firmly  in  the  bed  of  the  stream. 

The  annular  space  between  the  iron  cylinders  waa  reduced  to  5 
feet,  as  showu  in  Fig.  189.     On  the  top  of   the  concrete  a  brick 


wall  waa  bnilt,  filling  the  annular  space.  This  wall  was  carried 
well  above  the  top  of  the  iron  casing  and  the  water  surface.  The 
excavation  in  the  interior  was  then  commenced.  In  Fig.  It-!', 
AABB  is  the  shoe  or  cutting  edge;  BBCC  the  iron  plate  cyl- 
inders, and  enclosed  in  these  is  the  brick  wall.  The  material  was 
removed  from  the  interior  by  means  of  the  elam-ahell  bucket  or 
dredge. 

428.  These  buckets  open  as  they  descend,  penetrate  into  the 
material,  and  close  on  it  when  lifted,  and  bring  it  to  the  surface. 
It  is  either  dumped  around  the  pier  or  on  barges,  and  carried 
to  some  place  of  tleposit.  The  effect  of  this  is  to  reduce  the 
resistance  of  the  material  on  the  inside  surface,  and  the  weight  of 
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the  iron  and  masonry  causes  the  cylinder  to  sink,  the  only  resist- 
ance being  that  due  to  friction  on  the  exterior  surface.  As  the 
cylinder  sinks  the  iron  and  brick  work  are  built  up.  In  this  case 
the  iron  casing  only  extended  to  a  height  of  24  feet  from  the  bot- 
tom, the  brickwork  alone  being  carried  up.  It  is  important  to 
keep  the  masonry  wall  well  above  the  water  surface,  as  the  entire 
structure  may  either  sink  gradually  or  rapidly  several  feet  at  a 
time — sometimes  from  7  to  10  feet.  In  addition,  great  weight  is 
required  to  cause  the  sinking.  In  this  case,  when  the  excavation 
and  sinking  commenced,  the  weight  on  the  cutting  edge  was  6 
tons  per  linear  foot  around  the  bottom.  The  material  sunk 
through  was  sand,  in  which  the  resistance  from  friction  mays  vary 
from  300  to  600  or  more  pounds  per  square  foot  of  exterior 
surface. 

When  bowlders  were  encountered  the  water-jet  was  used  to 
undermine  them,  which  either  carried  them  downwards  or  forced 
them  either  outside  or  inside  the  cutting  edge.  This  flow  of  a 
water- jet  under  great  pressure  had  the  effect  of  reducing  the  fric- 
tion on  the  sides.  Having  reached  the  proper  depth,  concrete  was 
lowered  through  the  water  in  the  interior  and  deposited  on  the 
material  at  the  bottom  and  close  around  the  cutting  edge.  When 
18  feet  in  thickness  of  concrete  had  been  thu^  deposited,  it  was 
found  practicable  to  pump  the  water  out  of  the  remaining  portion 
of  the  enclosed  space,  and  the  concrete  then  could  be  placed  in  the 
dry.  The  first  concrete  used  should  be  strong  and  rich  in  cement, 
to  prevent  leakage  under  the  shoe.  In  this  case  it  was  1  to  5  con- 
crete of  Portland  cement.  The  English  engineers  use  shingle  or 
ballast,  which  is  a  mixture  of  gravel  and  sand.  This  proportion 
would  correspond  about  with  1  Portland  cement,  2  sand,  and  3 
broken  stone,  or  something  approaching  these  quantities.  The 
upper  portion  of  the  concrete  laid  in  the  dry  was  about  1,  2,  and  4 
parts  of  the  above  materials,  called  1  to  6  concrete.  The  brick 
mjisonry  in  the  side  walls  was  built  with  1  cement  to  1 J  sand.  Tlie 
brick  flooring  over  the  concrete  and  walls  was  laid  in  mortar  1 
cement  to  3  sand.  A  granite  coping  and  thick  pivot-stone  was 
placed  on  top.  The  drawbridge  on  this  pier  was  287  feet  from  end 
to  end,  consisting  of  two  arms,  respectively  140  and  87  feet. 

The  cylinders  for  the  other  piers  were  from  1*2  to  14  feot  outside 
diameter  and  6  to  8  feet  clear  interior  diameter,  with  brick  walls 
3  feet  in  thickness.  These  were  sunk  and  filled  with  concrete  as 
before  described.    Two  or  three  cylinders  are  used  to  a  pier.    Brick 


604  FOUNDATIONS  FOR  HAWKE6BURY   BRIDGE. 


arches  were  built  from  cylinder  to  cylinder,  upon  which  the  re- 
maining portion  of  the  structure  was  erected. 

Under  wing  abutments  cylinders  were  sunk,  upon  which  both 
face-wall  and  wings  rest,  the  number  under  each  depending  on  the 
dimensions  of  the  structure.  This  method  is  used  very  commonly 
in  India. 

Cast-iron  cylinders  are  sometimes  used  instead  of  plate-iron. 
The  frictional  resistance  is  reduced  by  haying  the  iron  cylinders 
extend  at  least  up  to  the  bed  of  the  riyer. 

Instead  of  springing  arches  from  cylinder  to  cylinder,  strong 
iron  beams  are  sometimes  used,  supported  on  top  of  the  cylinders, 
upon  which  the  structure  aboye  rests. 

429.  Open  cribs  are  used  by  American  engineers.  These  differ 
mainly  from  the  tvells  already  described  in  having  double  walls  of 
timber  or  iron  enclosing  the  open  interior  space.  The  two  walls 
forming  the  sides  are  spaced  from  4  to  10  feet  apart,  and  well  braced 
to  each  other.  This  space  is  usually  filled  with  concrete,  and  fur- 
nishes the  weight  necessary  to  sink  the  crib.  The  lower  section  is 
built  to  a  cutting  edge  or  shoe,  generally  8  to  12  feet  in  height.  If 
timber  is  used,  this  shoe  may  be  built  of  solid  timbers,  or  it  may  be 
hollow,  and  is  commonly  hollow  when  built  of  iron.  Whether  tim- 
ber or  iron  is  used  is  purely  a  matter  of  convenience  and  expense, 
as  either  will  answer  every  purpose.  A  sufficient  height  of  caisson 
is  built  floating,  and  carried  to  the  proper  site.  The  building  of 
the  walls,  filling  the  proper  space  with  concrete,  and  sinking  pro- 
ceed until  the  crib  rests  on  the  bottom.  It  should  then  be  carried 
well  up  above  the  water  surface.  The  excavation  is  then  com- 
menced, concrete  added,  walls  built  up, — all  going  on  at  the  same 
time  as  the  crib  sinks. 

When  the  proper  depth  or  bed  is  reached  the  interior  is  filled 
with  concrete.  Usually  single  cribs  are  made  large  enough  to  carry 
the  structure  above  instead  of  using  two  or  more  cylinders.  The 
horizontal  sections  correspond,  then,  with  the  shape  of  the  pier, 
consisting  of  a  rectangle  with  triangular  or  curved  end  sections: 
if  for  pivot  piers,  usually  circular  if  constructed  of  iron,  and  oc- 
tagonal if  of  wood.  A  typical  iron  crib,  used  in  the  Hawkesbury 
Bridge,  and  designed  by  Anderson  &  Barr,  contractors,  is  shown 
in  the  accompanying  drawings. 

Fig.  190  is  a  cross  vertical  section;  Fig.  191  shows  part  horizon- 
tal sections  at  top  of  the  wedge-shaped  lower  section  or  cutting  edge 
along  AB  and  CD,  and  part  horizontal  projection.     Fig.  192  is  part 
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vertical  and  longitudinal  section  along  OHot  Fig.  191.  Fig.  193 
shows  a  general  section  and  elevation  of  the  completed  foundation 
and  masonry  pier^  also  plan  of  the  same. 

The  total  height  from  bottom  to  top  of  one  of  the  piers 
is  197  feet, divided  as  follows:  Top  of  pier  above  low  water, 42  feet; 
from  low  water  to  river-bed,  47  feet;  below  bed  of  river,  108  feet. 
There  were  six  such  piers,  the  total  depths  sunk  below  low  water 
ranging  from  94  to  155  feet;  height  of  masonry,  42  feet  in  all 
cases. 

The  walls  were  composed  of  f-inch  iron  plates,  riveted  together 
and  stiflEened  by  angle-irons.  The  double  walls  enclosed  three 
tubes  or  cylinders,  each  8  feet  in  diameter.  These  extended  to  AB, 
Fig.  190,  about  20  feet  above  the  cutting  edge,  from  which  plane 
they  were  enlarged  into  a  bell  or  funnel  shaped  mouth  to  the  bot- 
tom, forming  with  the  outside  and  partition  walls  strongly  built 
shoes.  The  horizontal  sections  were  rectangular  with  rounded 
ends.  Bottom  dimensions,  52  X  24  feet,  these  decreasing  to  AB 
(Fig.  190),  where  they  were  48  x  20,  and  continued  with  these  di- 
mensions to  the  top.  They  were  built  up  in  sections  of  five  feet 
as  the  dredging  and  sinking  progressed.  The  tubes  were  con- 
nected with  the  side  and  partition  walls  by  strong  iron  braces. 

The  entire  open  space  around  the  tubes  was  filled  with  concrete 
to  provide  necessary  weight.  The  materials  were  excavated  and 
removed  through  the  tubes  or  dredging-wells  by  means  of  the  An- 
derson Automatic  Dredge.  Each  bucketful  of  material  had  to  be 
lifted  out  of  the  tops  of  the  tubes.  Subsequently  these  tubes  were 
filled  with  concrete.  The  foundations  were  sunk  through  layers  of 
mud  and  sand,  resting  finally  on  a  bed  of  compact  gravel. 

In  Figs.  194  and  195  are  shown  the  caisson  in  process  of  sinking, 
also  excavators  at  work,  and  shore  chains  for  maintaining  the  caisson 
in  a  vertical  position. 

For  a  section  of  the  general  constioiction  of  a  timber  crib  see 
Fig.  204,  combined  Open  Crib  and  Pneumatic  Caisson. 

429a.  The  most  recent  structure  of  interest  and  importance  is 
the  foundation  for  the  pivot  pier  of  the  520-feet  swing-span  of  the 
Interstate  Bridge  being  constructed  by  the  Omaha  Bridge  and 
Terminal  Kailway  Company,  of  which  only  the  pier  and  swing- 
span  are  now  completed.  This  span  is  the  longest  of  its  kind  in 
the  world,  being  15  feet  longer  than  the  swing-span  of  the  Thames 
Eiver  Bridge  at  New  London,  Conn.     (See  Figs.  195a  and  195b.) 

The  foundation  is  constructed  by  the  open-crib  process.    The 
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crib  is  constnicted  of  steel  plates^  angles^  and  rods.  It  consists  of 
two  concentric  cylindrical  shells;  the  outer  casing  is  40  feet  in 
diameter,  while  the  inner  shell  enclosing  the  dredging  cylinder  is 
20  feet  in  diameter,  having  an  annular  space  between  the  two 
cylinders  of  10  feet  in  width.  At  a  point  10  feet  vertically  above 
the  extreme  l<0er  or  cutting  edge  of  the  outside  casing  the  inner 
lining  begins  to  batter  outward  on  a  regular  slope  of  about  1  to  1, 
joining  and  forming  with  the  outer  lining  the  cutting  edge.  The 
lower  section  or  chamber  is  therefore  a  frustum  of  a  cone  10  feet 
high,  lower  base  40  feet  and  upper  base  20  feet  in  diameter.  The 
dredging-tube  continues  of  this  latter  diameter  all  the  way  to  the 
top.  The  shells  are  made  of  ^-inch  steel  plates,  butt-jointed,  and 
connected  by  splice-plates  7  inches  wide  and  single-riveted.  Tlie 
cutting  edge  is  strengthened  and  stiffened  by  two  bands,  the  one  on 
the  outside  18  inches  wide  and  the  one  on  the  inside  6  inches  wide, 
both  being  1  inch  thick. 

Plate  diaphragms  built  of  ^-inch  web-plates  and  4  x  4  x  i  inch 
angle-irons  in  pairs  are  riveted  to  the  shells  and  set  on  radial  lines 
across  the  annular  space.  There  are  20  of  these  diaphragms,  which 
extend  to  a  height  of  10  feet  above  the  cutting  edge,  dividing  the 
bottom  section  of  the  crib  into  pockets,  and  at  the  same  time 
strengthening  and  stiffening  the  sides  of  the  lower  10-feet  section 
of  the  crib.  Immediately  above  these  and  riveted  to  the  two  iron 
casings  is  placed  a  horizontal  ring-shaped  lattice  girder.  The 
flanges  of  this  girder  are  built  of  plates  18  inches  wide  and  ^  thick, 
and  two  6X4  inch  angle-irons  weighing  42  pounds  per  yard.  The 
transverse  lateral  braces  are  6x4  inch  angle-irons,  in  pairs,  weigh- 
ing 50  pounds  per  yard.  The  above-described  construction  consti- 
tutes the  crib  proper,  which  has  a  total  height  above  the  cutting 
edge  of  16  feet.  Above  this  the  two  concentric  cylinders  are  built  to 
an  additional  height  of  100  feet,  making  a  total  height  of  116  feet. 
These  upper  cylinders  are  made  of  f-inch  steel  plates,  which  are 
braced  across  the  annular  space  by  timbers  8x8  inches  in  cross- 
section,  resting  on  and  bolted  to  brackets  which  are  riveted  to  the 
shells.  Tension  braces  are  also  used,  made  of  IJ-inch  iron  held 
between  4  X  4  X  S  inch  angle-irons  riveted  to  the  shells  or  casings. 
These  tension  rods  are  provided  with  turnbuckles  in  order  to  bring 
all  parts  to  a  firm  bearing. 

In  order  to  facilitate  the  sinking,  and  to  produce  an  effect  simi- 
lar to  that  caused  by  the  escape  of  ^ir  under  the  cutting  edge,  which 
was  found  to  have  been  so  advantageous  in  sinking  the  cylinders 
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of  the  Ha  warden  foundations^  which  was  fully  explained  in  pre- 
vious descriptions,  twenty  jet-pipes  were  built  in  the  concrete  filling 
in  the  annular  space  between  the  shells;  these  opened  at  or  near 
the  cutting  edge,  where  the  diameter  was  reduced  to  1  inch.  At 
vertical  intervals  of  10  feet  branch  pipes  were  led  from  the  main 
3-inch  pipes  through  the  outer  shell.  These  branch  pipes  were  f 
inch  in  diameter.  This  latter  is  a  somewhat  novel  application  of 
the  water-jet  for  reducing  frictional  resistance  on  the  exterior  sur- 
face of  cylinders  and  cribs.  After  launching,  and  removing  the 
false  bottom  used,  the  caisson  drew  6^  feet  of  water.  This  repre- 
sented the  weight  of  the  lower  section.  Concreting  between  the 
cylinders,  building  up  the  sides,  and  dredging  were  then  carried  on 
together. 

From  the  cutting  edge  to  the  lattice  girder  Portland  cement  1 
and  sand  2^  were  used  for  the  concrete  filling.  Above  these  Louis- 
ville cement  1,  sand  1^,  were  used.  Large  stones  were  bedded  in 
this  concrete. 

The  top  3  feet  were  filled  with  Portland  cement  concrete.  A 
masonry  shell  was  then  started  on  the  concrete,  and  continued  as 
the  cylinder  proper  sank  below  the  water.  Within  the  masonry 
shell  the  inner-lining  cylinder  was  built  up,  which  acted  as  a  coffer- 
dam and  protected  the  masonry  backing.  When  the  crib  finally 
rested  on  its  proper  foundation-bed,  the  dredging-tube  was  filled 
with  Portland  cement  concrete,  deposited  under  water,  up  to  a 
point  about  50  feet  below  the  top  of  the  pier.  The  water  was 
then  pumped  out.  Above  this  Louisville  cement  concrete  was 
used  to  within  5  feet  of  the  coping;  on  which  was  placed  Port- 
land cement  concrete. 

The  pier  consisted  of  a  facing  of  sandstone  masonry  filled  in 
with  concrete  backing.  The  body  of  the  pier  is  38  feet  in  diam- 
eter; two  courses  of  coping  with  projections  gave  a  diameter  of  40 
feet  on  top. 

To  a  depth  of  50  feet  below  low  water  the  material  passed 
through  was  fine  river  sand  mixed  with  clay.  A  number  of  heavy 
logs  were  encountered,  the  removal  of  which  greatly  interfered  with 
and  retarded  the  sinking.  Below  this  depth  the  material  was  clean 
coarse  sand  and  occasional  bowlders.  This  material  continued  to  a 
depth  of  about  6  feet  above  the  rock,  where  large  bowlders  were 
encountered.  At  this  level  the  sinking  was  stopped  and  filling  the 
dredge-chamber  commenced,  the  structure  resting  on  this  layer  of 
bowlders  at  a  depth  of  115.9  feet  below  low  water,  the  depth  to  solid 
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rock  being  about  120  feet  below  low  water.  The  rate  .of  einkiug 
was  from  1^  to  2  feet  in  24  hours.  The  height  of  the  masonry  pier 
was  only  18^  feet.  There  was  required  5792  cubic  yards  of  con- 
crete, and  376  cubic  yards  of  stone  masonry. 

The  time  occupied  in  the  sinking  covered  a  period  of  about 
3^  months,  including  delays  and  interruptions  from  logs,  floods,  and 
the  severity  of  the  winter.  The  final  completion  required  nearly  a 
month  more. 

The  water-jets  facilitated  both  the  sinking  and  keeping  the 
caisson  level  and  in  position. 

In  Fig.  195(a)  is  shown  half  plan  and  horizontal  projection  of 
crib,  and  in  Pig.  195(  J)  half  elevation  and  half  vertical  section.  In 
Fig.  195(c)  is  shown  a  perspective  view  of  top  and  bottom  of  the 
cylinder,  cutting  edge,  and  inside  dredging-cylinder,  and  in  Pig. 
195  (^)  a  vertical  section  through  completed  cylinder  drawn  to  & 
much  smaller  scale. 

THE  TOWER  BRIDGE,   LONDON,  ENGLAND. 

429&.  There  are  many  novel  and  interesting  features  in  the  de- 
sign and  construction  of  the  Tower  Bridge,  across  the  Biver  Thames. 
The  location  necessitated  either  an  open  span  or  one  so  high  above 
the  water  as  not  to  obstruct  navigation;  but  owing  to  the  very  low 
banks  on  both  sides  of  the  river  the  necessary  cost  of  approaches 
practically  precluded  the  use  of  a  high-level  bridge,  independently 
of  its  great  inconvenience  for  the  traffic.  A  general  design  and 
elevation  of  the  bridge  is  shown  in  Fig.  377.  The  bridge  consists 
of  three  spans — two  shore  spans  each  270  feet  long,  and  a  channel 
span  200  feet  long;  above  which,  and  at  the  proper  height  to  give 
sufficient  clearance,  a  fixed  footway  is  constructed  between  the 
main  towers.  The  main  river  towers  and  smaller  shore  towers  are 
made  of  steel  columns  covered  with  masonry,  and  in  addition  ma- 
sonry abutments  and  anchorages. 

Foundation-beds. — The  material  underlying  the  bed  of  the 
river  is  the  well-known  London  clay.  Experiments  were  made 
to  determine  the  bearing  power  of  the  material.  A  trial  cylin- 
der, sunk  into  the  clay,  began  to  settle  under  a  weight  of  6^ 
tons  per  square  foot.  Allowing  for  skin  friction  and  buoyancy, 
estimated  on  the  usual  data,  the  actual  pressure  on  the  foundation- 
bed  does  not  exceed  3000  pounds  per  square  foot.  These  were  not 
taken  into  consideration,  and  the  dimensions  of  the  piers  and  cais- 
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sons  were  made  snch  that  the  entire  weight  of  structure  and  load 
should  not  be  more  than  4  tons  per  square  foot  of  base.  The 
Memphis  Bridge  has  a  total  of  5  tons  per  square  foot  on  a  compact 
clay  resembling  the  London  clay,  and  about  If  tons  after  deduct- 
ing friction  and  buoyancy.  As  the  middle  span  was  a  bascule  span, 
operated  by  powerful  machinery,  it  was  important  to  preclude  pos- 
sibility of  any  settlement.  This  construction  required  both  long 
and  thick  piers  for  the  river  towers,  independent  of  the  dimensions 
required  to  reduce  the  unit  pressure  on  the  base.  Owing  to  the 
necessity  of  a  number  of  openings  or  hollow  chambers,  required  for 
the  free  movement  of  the  counterpoise  arms,  and  the  proper  work- 
ing of  machinery,  gearing,  etc.,  the  main  river  piers  were  some- 
what irregular  in  section,  the  general  length  of  the  pier  proper 
being  about  185  feet  and  width  70  feet,  of  the  caisson  proper 
90  feet  wide  and  195  feet  long,  and  extreme  bottom  dimensions 
100  feet  wide  and  204  feet  long.  Sections  and  plans  are  shown 
in  Fig.  195  (a),  {b),  and  (c).  There  is  no  record  of  a  single 
caisson  of  as  great  dimensions  as  those  given  above;  the  caissons 
of  the  East  Kiver  Bridge  were  very  large,  the  largest  having 
bottom  dimensions  of  172  x  102  feet.  A  single  caisson  could  have 
been  used,  but,  for  whatever  reason,  it  was  determined  in  this  case 
to  use  a  number  of  small  steel  caissons  or  cribs,  and  to  sink  them 
by  dredging  the  material  from  the  inside.  Twelve  small  caissons 
were  used;  four  of  these  28  X  28  feet  square  were  used  on  each 
longitudinal  face,  and  at  each  end  two  of  a  triangular  section. 
These  were  sunk  in  juxtaposition  around  the  outline  of  the  piers, 
enclosing  a  central  space.  Plans  of  the  square  and  triangular 
caissons  are  shown  in  Fig.  195  (e)  and  (/);  also  a  cross-section 
through  the  structure,  showing  one  caisson  sunk  to  its  full  depth; 
and  another  in  process  of  sinking,  with  the  outside  and  inside 
staging  used  in  sinking  the  caissons,  is  shown  in  Fig.  195(^). 
The  positions  of  these  caissons  are  shown  in  Fig.  195(^).  A  part 
elevation  and  vertical  section  of  one  of  the  square  caissons  is 
shown  in  Fig.  195(7i).  Also,  details  are  shown  in  figures  (i),  (k), 
(/),  and  (m). 

The  caissons  were  built  up,  as  the  sinking  progressed,  of  plates 
and  angle-irons.  The  lowest  section,  19  feet  in  height,  constituted 
the  caisson  proper,  and  was  to  be  left  permanently  at  the  bottom  of 
the  structure.  The  remaining  portion  above  was  simply  intended 
for  a  temporary  coffer-dam,  and  was  subsequently  removed;  other- 
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wise  the  general  conatructiou  is  the  same  aa  in  any  iron  and  eteel 
caisaon  or  crib. 

The  email  caissons  were  spaced  witli  clear  intervals  between 
tbem  of  Zi  feet.  This  is  indicated  in  Fig.  195  (e)  and  (/).  On  the 
adjacent  faces  of  anj  two  caissons  angle-irons  were  riveted,  as 
shown.  These  formed  grooves  or  channels  into  which  piles  were 
subaeqnently  driven,  thereby  making  a  tight  joint  between'two  ad* 
jacent  caiasons,  in  order  to  permit  of  the  removal  of  the  adjacent 
laces  so  as  to  secure  a  monolithic  stmotare  thronghout  The  de- 
tails of  these  angle-iron  grooves  and  closing  piles  are  shown  in 


•^'o-  <9s.(n) 
Pig.  195{0-  This  portion  of  the  construction  will  he  again  referred 
to  Dnder  Sinking  and  Excavating.  In  oider  to  control  and  regu- 
late the  sinking  of  the  several  caissons,  a  system  of  stagings  were 
erected  aronnd,  and  also  a  central  staging  in  the  space  to  be  Em- 
closed  by  caissons.  This  st^ng  is  shown  in  plan  in  Fig.  195(;'l, 
and  in  section  in  Fig.  195(^9).  The  lower  sections  of  the  caissoiia 
were  bnilt  on  platfovms  placed  a  little  distance  above  low  water. 
Two  pairs  of  trussed  girders  were  then  placed  on  top  of  the  staging. 
and  above  the  section  of  the  caisson.  Rods  made  of  links  about  8 
feet  long,  and  joined  with  pins,  were  used  to  suspend  the  caisson 
from  the  girders.     These  rods  were  "i  inches  in  diameter.     The 
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upper  length  of  each  saspending  rod  was  14  feet  long,  and  had 
screw-threads  cut  for  a  length  of  9  feet  from  their  upper  ends, 
which,  working  through  nuts,  enabled  the  sinking  to  be  regulated 
and  controlled.  As  the  caissons  were  lowered,  and  it  became  neces- 
sary to  add  another  section  on  top,  the  rods  were  caught  by  clips 
at  some  point  below  the  upper  threaded  length,  a  new  section  built, 
an  additional  link  added  to  the  rod,  and  the  lowering  continued  as 
before.  The  rods,  connections,  etc.,  are  shown  in  Fig.  195(h). 
The  material  excavated  was  principally  clay.  This  was  removed 
as  far  as  practicable  by  means  of  Priestman  grabs,  generally 
to  a  depth  of  5  or  6  feet  in  the  centre  of  the  caisson.  Divers  were 
then  sent  down,  who  removed  the  material  from  around  and  under 
the  cutting  edge,  shovelling  it  towards  the  middle,  where  it  could 
be  reached  by  the  grabs.  Four  divers  in  the  square  caissons  and 
six  in  the  triangular  were  worked  in  double  shifts  nine  hours  per 
day.  To  remove  this  material  required  from  two  to  three  hours  a 
day  with  the  dredges.  Weights  were  added  to  aid  in  sinking  the 
caisson  after  it  had  reached  a  depth  of  from  4  to  5  feet  in  the  clay. 
Seventy-five  tons  of  cast-iron  blocks  forced  the  caisson  from  1  to  1^ 
feet  into  the  solid  clay.  The  water  was  then  pumped  out,  but  owing 
to  some  error  in  fixing  the  height  of  the  staging,  which  prevented 
the  construction  of  the  third  section  of  the  caisson  until  the  cutting 
edge  had  reached  a  depth  of  16  feet  below  the  bed  of  the  river,  the 
caisson  filled  at  high  tide,  and  had  to  be  pumped  out.  After  this 
deptli  was  reached  the  water  was  pumped  out,  and  kept  out  until 
the  final  depth  of  19  feet  below  the  bed  of  the  river,  or  53  feet  be- 
low mean  high  water,  was  reached. 

As  shown  in  Fig.  195  (h),  (p),  and  (q),  when  this  depth  was 
reached  an  undercut  was  made  to  increase  the  bearing  surface, 
having  a  base  of  5  feet  on  the  outside  and  2^  feet  on  the  sides  next 
to  the  adjacent  caissons,  and  to  a  depth  of  7  feet  below  the  cutting 
edge  of  the  caisson. 

The  shape  and  dimension  of  this  undercut  are  shown  in  the 
several  sections.  This  undercutting  was  done  in  sections  of  3  or  4 
feet  square,  which  were  sheeted  and  braced  as  shown  on  the  outer 
surface.  Each  section  was  filled  with  concrete  when  completed  to 
a  point  six  inches  above  the  cutting  edge.  When  this  was  com- 
pleted entirely  around,  the  lowering  rods  were  removed,  and  the 
caisson  rested  on  this  toe  of  concrete.  At  first  the  rate  of  sink- 
ing was  only  8  inches  per  day.    This  increased  during  the  tide 
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work  to  16  inches,  and  when  the  water  was  permanently  excladed 
the  rate  of  progress  was  as  much  as  3}  feet  per  day. 

Concreting, — After  sealing  up  around  and  under  the  shoe  the 
riyets  holding  the  side  facing  the  enclosed  central  portion  to  the 
ends  of  the  caisson  were  cut,  and  to  prevent  the  adhesion  of  the 
mortar  to  that  side  boards  were  placed  against  it.  In  addition 
boxes  were  placed  against  this  side,  and  the  concreting  was  com- 
menced and  carried  up  to  within  a  few  inches  of  the  fifth  or  top 
frame  of  the  permanent  casing  or  caisson.  The  boards  and  boxes 
were  built  up  as  the  concreting  progressed.  The  purpose  of  the 
boxes  was  to  leave  recesses  or  dovetails,  so  that  when  the  inner  side 
of  the  caisson  wtis  removed  and  the  enclosed  central  space  filled 
with  concrete  it  would  tooth  or  bond  into  the  concrete  already 
placed  in  the  caissons  proper. 

The  lower  section  or  permanent  portion  of  the  caisson  was 
19  feet  high.  When  the  concrete  reached  the  third  frame  of  this 
portion,  boards  and  boxes  were  placed  against  those  sides  of  the 
caisson  facing  the  adjoining  one,  and  for  the  same  purposes, 
as  it  was  intended  to  remove  three  sides  of  the  caissons  only, 
leaving  the  outside  shell  of  iron,  it  was  important  that  the 
many  distinct  columns  of  concrete  should  be  toothed  or  bonded 
into  each  other.  Thus  each  of  the  twelve  caissons  was  sunk  and 
filled  with  concrete  to  the  top  of  the  permanent  caisson,  giving  as 
many  isolated  columns  of  concrete  around  the  outer  face  of  the 
structure.  These  columns  were  separated  by  the  iron  sides  of  the 
caisson  and  2^  feet  of  clear  and  open  space  between  them.  Before 
these  adjacent  sides  could  be  removed  it  was  necessary  to  make  a 
water-tight  connection  between  the  caissons.  It  was  to  accomplish 
this  that  the  grooves  were  formed  by  angle-irons  on  the  outside 
edges  of  the  caisson.  Before  driving  piles  in  these  grooves  the 
caissons  were  well  tied  together  in  order  to  prevent  the  wedging 
action  of  the  piles  from  spreading  them  apart,  and  they  were 
properly  braced  as  shown  in  Fig.  195(n),  in  order  to  prevent  any 
distortion.  Piles  were  then  driven  in  the  grooves,  as  shown  in  sec- 
tion in  Fig.  195(t).  This,  then,  gave  water-tight  compartments  of 
about  28  X  2^  feet  between  the  caissons.  The  water  was  pumped  out 
and  the  material  dredged  out  by  hand,  two  men  working  at  a  time, 
the  material  being  lifted  out  in  backets.  When  the  proper  depth 
was  reached  concrete  was  placed  in  these  spaces  up  to  the  top  of 
the  third  frame  of  the  permanent  caisson.  The  iron  sides  of  the 
caisson  were  then  removed,  and  concrete  filling  connecting  and 
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bonding  the  columns  was  completed.  By  this  means  a  solid  wall 
of  concrete  about  28  feet  thick  was  completed,  and  to  a  height  of 
19  feet  above  the  cutting  edge  and  7  feet  below.  On  top  of  the 
concrete  and  from  the  level  of  the  bed  of  the  river  the  masonry  was 
carried  up.  First  a  2-foot  course  of  brickwork  was  laid  entirely 
over  the  surface  for  a  base  for  the  granite  and  brickwork  of  the 
pier  above.  The  form  of  this  masonry  is  shown  in  Figs.  195  (o) 
and  (q).  It  consisted  of  a  facing  of  rough-picked  Cornish  granite, 
in  courses  of  2  to  2^  feet  rise,  backed  with  brick  masonry. 

All  concrete  was  composed  of  1  part  Portland  cement  to  6  paits 
Thames  ballast,  spread  and  rammed  in  layers  of  about  18  inches 
thickness.  The  mortar  for  the  granite  facing  was  1^  to  1,  and  from 
li  to  2i  to  1  for  brickwork,  using  Portland  cement.  After  these 
walls  were  completed  well  above  high  water  the  remaining  iron  on 
the  outer  and  inner  faces  of  the  original  caissons,  or  rather  coffer- 
dams, was  removed.  There  was  then  a  solid  enclosing  wall  of  con- 
crete surmounted  by  granite  and  brick  walls,  enclosing  a  large 
space,  which  thus  far  had  remained  full  of  water.  Braces  were 
placed  across  this  space  from  wall  to  wall  at  about  the  water-level. 
The  enclosed  space  was  then  pumped  out.  The  excavation  was 
t^jen  carried  on  between  concrete  walls  enclosed  in  the  permanent 
caissons,  and  at  intervals  of  about  10  feet  below  the  bed  of  the  river 
additional  braces  were  inserted  and  the  iron  sides  of  the  caissons 
removed.  When  the  excavation  was  completed  the  enclosed  space 
was  filled  with  concrete  and  other  masonry,  completing  the  entire 
pier  to  the  top.  The  time  occupied  in  completing  the  two  piers 
was  about  four  years,  the  cost  of  the  two  1555,600,  the  total  masonry 
of  all  kinds  50,960  cubic  yards,  and  the  cost  per  cubic  yard,  inclu- 
ding everything,  tl0.90. 

How  far  local  conditions  and  circumstances  may  have  controlled 
the  selection  of  a  number  of  small  caissons  instead  of  one  large  one, 
and  the  great  length  of  time  taken  in  completing  these  two  piers — 
the  total  depth  to  which  the  caissons  were  sunk  being  53  feet 
below  low  water  and  only  19  feet  into  the  compact  clay — we  do  not 
know,  and  do  not  intend  to  make  any  invidious  comparisons  by 
what  is  said  below.  But  it  will  be  instructive  to  call  attention  to 
the  difference  in  methods  that  would  probably  have  been  adopted 
and  to  give  a  few  examples  of  the  time  taken  in  sinking  caissons 
and  completing  some  large  structures  in  this  country. 

A  single  large  caisson  would  probably  have  been  used,  built  of 


CONSTRUCTION.  619 


timber  and  concrete  or  of  iron  and  concrete.  For  a  depth  of  only 
40  f^et  below  low  water  the  method  of  sinking,  whether  by  dredg- 
ing in  an  open  crib  or  by  compressed  air,  would  not  be  a  matter  of 
mach  moment,  other  than  from  considerations  of  economy;  but 
probably  the  pneumatic  process  would  have  been  adopted. 

The  aggregate  area  of  the  bottom  of  the  tower  caissons  is  about 
33,000  square  feet,  and  depth  sunk  below  low-water  surface  40.G 
feet. 

The  aggregate  area  of  the  bottom  of  the  five  caissons  for  the 
Memphis  Bridge  is  about  67,000  square  feet,  and  average  depth 
sunk  below  low  water  70  feet.  These  were  sunk  in  two  years  and 
five  months  through  40  to  50  feet  of  sand  and  clay. 

The  large  caisson  of  the  Washington  Bridge,  New  York,  104.8 
X  54.4  feet,  was  sunk  40.6  feet  in  six  months  through  sand,  gravel, 
and  rock,  and  10,400  cubic  yards  of  masonry  completed  in  nine 
months. 

In  both  of  the  above  cases  the  pneumatic  caisson  was  used. 
The  large  timber  crib  of  the  Poughkeepsie  Bridge,  100  x  60 
feet  and  104  feet  high,  was  sunk  by  open  dredging  through  53  feet 
of  water  and  82  feet  of  mud  and  mixed  sand  and  clay  in  about 
three  months,  and  the  caisson  sunk  onto  this  crib  and  the  masonry 
completed  to  a  point  149  feet  above  the  cutting  edge  of  the  crib, 
ready  for  the  steel  towers,  in  about  three  months  more.  (See  Eag, 
New8,  Jan.  18, 1894.) 

Greater  depths  have  been  reached  by  this  open-crib  process  than 
by  any  other.  The  great  difficulty  lies  in  the  danger  of  meeting 
obstacles,  such  as  wrecks  of  old  ships,  barges,  logs,  etc.,  which  re- 
tard the  progress  and  may  result  in  entirely  stopping  the  work. 
The  more  serious  objection  is  the  necessity  of  depositing  the  con- 
crete tinder  water.  Whether  this  is  done  through  iron  or  timber 
tubes,  or  in  specially  designed  buckets  which  only  open  when  the 
bottom  is  reached,  the  cement  will  inevitably  be  separated  to  a 
greater  or  less  extent  from  the  sand  and  broken  stone.  The  result- 
ing product  is  at  best  uncertain.  The  only  remedy  known  to  the 
author  is  to  allow  the  cement  to  take  an  initial  set  before  lowering 
it  through  the  water.  It  has,  however,  been  used  to  a  great  extent 
when  the  depth  bekw  the  water  surface  is  over  100  feet,  as  this 
is  considered  the  limit  under  the  pneumatic  process,  next  to  be 
described. 

The  splaying  or  spreading  out  at  the  bottom  has  always  been 
considered  necessary  in  sinking  such  cribs  or  cHiRflons.     Mr.  Ander- 
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SOD,  as  a  result  of  his  experience  in  this  kind  of  work,  states  that 
it  is  not  only  unnecessary,  but  that  the  crib  can  be  sunk  in  better 
position  with  vertical  sides  and  ends  from  top  to  bottom. 


PNEUMATIC   CAISSONS.  * 

430.  If  a  roof  is  constructed  closing  the  interior  space  of  the 
cylinders  or  the  dredging-tubes  of  the  open  cribs  just  described, 
they  would  be  converted  into  pneumatic  caissons,  and  could  be 
used  as  such.  But  commonly  pneumatic  caissons  are  constructed 
in  an  entirely  different  manner.  As  the  name  indicates,  air  is  an 
essential  accompaniment,  which,  when  its  tension  is  increased,  can 
be  used  to  exclude  water  from  a  box  or  cylinder  having  only  one 
end  open,  and  immersed  with  the  open  end  downward.  If,  then, 
a  cylinder  or  a  strong  timber  or  iron  box  is  constructed  with  air- 
tight sides  and  top,  and  sunk  by  weights  to  the  bed  of  a  stream, 
and  a  pipe  is  built  through  the  top,  reaching  to  the  surface  and 
connected  with  an  air-compressor,  air  can  be  forced  into  the 
interior  of  the  cylinder  or  box ;  if  its  tension  is  proportioned  to 
the  depth  of  water  above  the  lower  or  cutting  edge,  the  water  will 
be  forced  out  of  the  interior  space,  and  a  pressure  due  to  it  will  be 
exerted  on  the  under  side  of  the  roof  or  deck,  tending  to  lift  the 
box.  If,  also,  a  large  shaft  4  or  5  feet  in  diameter  is  built  through 
the  deck,  and  extended  to  the  surface,  having  two  air-tight 
doors  which  can  close  the  shaft  and  prevent  the  escape  of  the  com- 
pressed air,  both  doors  opening  downwards  or  against  the  pressure, 
— only  one  of  which  is  or  need  be  closed  at  the  same  time, — we 
have  a  structure  called  a  liiieumatic  caisson,  which  is  similar  in  its 
operation  and  construction  to  a  diving-bell  on  a  large  scale. 
Other  pipes  and  shafts  are  also  built  through  the  deck  for  the  pur- 
pose of  removing  the  material  from  the  interior  or  for  passing  mate- 
rial from  without  into  the  box.  All  spaces  between  the  pipes  or 
shafts  and  the  deck  of  the  caisson  must  be  made  air-tight,  and 
must  have  valves,  doors,  or  caps  by  which  the  shafts  and  pipes 
themselves  can  be  closed.  That  portion  of  the  large  or  main  shaft 
closed  by  the  doors  is  called  an  air-lock.  This  may  be  at  the  top, 
bottom,  or  any  intermediate  portion  of  the  «haft.  It  may  be  a 
section  of  the  shaft  itself,  or  may  be  a  specially  designed  section  of 
larger  or  smaller  diameter,  and  fitted  to  or  connected  with  the  main 
shaft.  Both  the  position  and  design  of  the  air-lock  vary  in  the 
practice  of  different  engineers.     The  writer  prefers  the  air-lock  to 
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be  a  simple  section  of  the  main  shaft,  and  to  keep  it  always  at  the 
top. 

481.  The  necessary  air-pressure  varies  with  the  depth  of  water, 
or  gather  the  depth  of  the  cutting  edge  of  the  caisson  below  the 
water  surface.  A  pressure  of  one  atmosphere  or  15  pounds — more 
accurately,  14.7  pounds — ^to  the  square  inch  will  support  a  column 
of  water  in  vacuo  34  feet  in  height,  or  about  1  pound  pressure 
for  every  2^  feet  =  27  inches.  If,  then,  we  wish  to  support  a  col- 
umn of  water  68  feet  in  height  but  not  in  vacuo,  it  would  be  neces- 
sary to  provide  a  pressure  at  bottom  of  45  pounds, — 15  pounds  to 
balance  the  air-pressure  on  top  and  30  pounds  to  balance  the 
weight  of  the  column  of  water. 

432.  Ouly  using  the  double  walls,  omitting  the  tubes  and  cover- 
ing the  enclosed  space  between  the  walls  with  an  iron  roof  com- 
posed of  strong  eye-beams  placed  transversely  at  intervals  of  4  or  5 
feet,  to  the  under  side  of  which  a  full  layer  of  ^-inch  plate  iron  is 
riveted.  Pigs.  190-194  will  represent  the  construction  of  a  typical 
iron  caisson.  The  roof  would  be  usually  built  at  the  top  of  the 
lower  wedge-shaped  section,  along  AB,  Fig.  190,  the  height  above 
the  bottom  being  usually  from  7  to  9  feet.  The  iron  walls  above 
this  roof  may  or  may  not  be  used.  The  writer  believes  it  is  always 
advisable  to  use  them.  Practice  on  this  point  differs.  The  con- 
struction of  iron  caissons  will  not  be  further  discussed. 

433.  The  following  drawings.  Figs.  196, 197,  show  the  construc- 
tion of  two  typical  timber  caissons,  with  air-locks,  pipes,  shafts, 
cribs,  and  coffer-dams  used  in  connection  with  them. 

The  vacant  enclosed  space  A  is  the  working  chamber;  BB  are 
the  walls  of  the  working  chamber;  open  or  solid  timber  work  rest- 
ing on  BB  is  called  the  roof  or  deck  of  the  caisson,  as  shown  in 
CCDD,  The  timber  and  concrete  work  above  the  roof  is  not  an 
essential  part  of  the  caisson.  The  masonry  can  be  commenced 
directly  on  top  of  the  roof  or  deck;  this  requires  the  sinking  of  the 
caisson  to  be  regulated  by  the  rapidity  with  which  the  masonry  can 
be  built,  which  may  interfere  with  the  progress  of  the  work.  In 
case  of  accident  the  entire  masonry  work  might  be  submerged, 
causing  both  trouble  and  expense  in  removing  and  keeping  the 
water  out  so  as  to  resume  the  work.  The  piers  of  two  of  the  most 
important  structures  in  this  country,  namely,  the  East  Biver  sus- 
pension bridge  and  the  St.  Louis  steel-arch  bridge  over  the  Missis- 
sippi Elver,  were  constructed  in  this  manner. 

484.  The  cribs,  as  shown  in  the  drawings  above  the  roof,  are 
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built  of  timber,  and  the  spaces  between  are  filled  with  concrete. 
Whether  the  cribs  shall  be  constructed  with  solid  outside  walls^and 
.  solid  partition  walls  built  as  shown  in  the  drawings,  the  partitions 
being  carried  up  solid  for  five  or  more  courses,  then  shifted  in  posi- 
tion, alternating  in  number  2  and  3  or  3  and  4  according  to  the  size  of 
the  crib  as  shown  in  Figs.  197-199,  by  which  the  concrete  is  formed 
into  one  practically  solid  and  homogeneous  mass;  or  whether  the 
crib  shall  be  open-work  timbers  simply  crossing  each  other  in  courses 
at  right  angles,  thereby  dividing  the  concrete  into  a  series  of  small 
columns  but  poorly  connected  by  horizontal  layers  of  12  inches  in 
thickness,  in  addition  to  the  necessarily  great  difficulty  of  filling 
properly  under  and  around  so  many  timbers,  and  the  further  danger 
of  the  concrete  being  exposed  to  moving  water  before  time  has 
elapsed  for  the  setting  of  the  mortar,  as  seen  in  Figs.  196,  198 — is 
simply  a  difference  of  opinion  and  practice.  Large  and  important 
structures  have  been  built  on  both  designs.  And  whether  the  walls 
of  the  working-chamber  shall  be  constructed  as  in  the  drawings, 
the  same  remarks  apply. 

In  either  case  the  timber  and  concrete  cribs  are  more  economical, 
can  be  built  more  rapidly,  and  hence  their  tops  can  be  kept  more 
certainly  above  the  water  than  when  the  masonry  is  constructed 
direct  on  the  caisson. 

The  caissons  and  cribs  shown  in  Figs.  196-198  are  from  the 
designs  of  Mr.  Geo.  S.  Morison,  one  of  the  most  prominent  engi- 
neers and  bridge-builders  in  this  country,  and  have,  consequently, 
the  sanction  of  a  high  authority.  They  have  been  used  in  many 
important  bridges.  The  one  illustrated  was  used  in  the  Cairo 
Bridge  across  the  Ohio  River,  near  its  junction  with  the  Mississippi 
River.  Fig.  196  is  part  longitudinal  and  vertical  section.  The 
drawing  shows  about  two  thirds  of  the  full  length.  The  bulk  of 
the  timber  used  is  12  X  12  inches  in  cross-section.  The  sloping 
walls  of  the  working-chamber  are  formed  of  17  X  17  inch  timbers. 
All  parts  of  the  structure  are  thoroughly  bolted  with  screw  and 
drift  bolts,  and  well  braced.  These  caissons  were  shod  with  iron 
plates  f  inch  in  thickness  and  36  inches  high,  to  protect  the  cutting 
edge. 

The  greatest  immersion  in  water  was  90.27  feet,  and  penetration 
in  sand  86.42  feet.  The  masonry  was  started  10  feet  below  the  bed 
of  the  river,'  and  on  top  of  the  crib. 

The  two  designs  are  shown  side  by  side.  Only  a  part  of  each  is 
shown,  about  two  thirds,  in  order  to  show  air-locks,  shafts,  and  pipes 
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in  place.     The  omitted   portion  iB  identical  in  coastruction  with 
the  p&i'tB  shown. 

436.  The  caisaona  and  cribs  shown  in  Figs.  197-199  are  from  the 
deaigns  of  the  author,  aud  have  been  used  in  many  important  fonn- 
dationa,  notably  those  of  the  Susquehanna  Riyer  Bridge,  B.  &  0. 
Ry.,  at  Havre  de  Grace.  Fig.  197  shows  part  longitudinal  and 
vertical  section  and  part  elevation  through  oofler-dam,  crib,  and 
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caisson;  Fig.  199  shows  horizontal  projection  of  crib;  and  Fig.  200 
horizontal  projection  of  coffer-dam,  showing  one  set  of  the  aystem 
of  cross-bracing  adopted. 

All  timbers,  excepting  the  planks  3  x  13  inches,  are  13  X  13 
inches  in  crosa-section  for  crib  and  coffer-dam.  All  timbers  in 
caisson  were  also  13  x  12  inches,  except  the  outside  vertical  pieces, 
which  were  12  x  14  inches  in  crosa-aection,  and  the  lining  plank  on 
the  inside  of  the  air  or  working-chamber.  In  some  of  the  larger 
caissons  the  ci-oss-braces  were  16  X  16  inches  aquare.  The  whole 
was  thoroughly  bolted  with  screw  and  drift  bolts.     The  drift-bolts 
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in  the  solid  timber  roof  were  1  inch  square  or  round  and  22  inches 
long,  spaced  5  feet  intervals  over  each  course. 

In  the  largest  caisson  the  deck  was  composed  of  eight  courses  of 
timber,  alternating  in  direction  longitudinally,  transversely,  and 
diagonally.  Each  course  was  bedded  on  a  layer  of  cement  mortar, 
and  spaced  from  i  to  i  inch  intervals,  which  was  filled  with  grout 
before  laying  the  course  above  it.  The  joints  between  the  planks 
forming  the  interior  lining  of  the  roof  and  walls  of  the  working 
chamber  were  thoroughly  calked  with  oakum.  Oakum  was  also  ' 
wrapped  around  the  ends  of  all  bolts  reaching  into  the  interior 
against  which  the  nut  and  washer  were  pressed  hard.  The  joints 
on  the  outside  of  the  caisson  were  calked,  but  not  so  compactly. 
The  walls  of  the  crib  were  also  calked  sufficiently  to  make  them 
water-tight.  This  was  done  that  the  concrete  in  the  crib  might 
always  be  laid  in  the  dry.  Outside  vertical  plank  was  spiked  to  the 
crib,  mainly  to  hold  the  oakum  in  place;  it  also  reduced  somewhat 
the  f rictional  resistance  of  the  material  below  the  bed  of  the  river. 

436.  It  was  originally  i;itended  that  the  top  of  the  crib  should 
only  reach  to  the  bed  of  the  stream.  Owing,  however,  to  the  great 
inclination  of  the  bed-rock,  and  the  time  and  expense  required  to 
blast  it  to  a  level  or  horizontal  surface,  it  was  decided  to  stop  sink- 
ing the  caisson  when  it  rested  on  or  near  the  higher  points  of  the 
rock;  therefore  the  top  of  the  cribs  reached  from  5  to  13  feet  above 
the  bed,  and  were  from  5  to  35  feet  below  the  water  surface.  The 
masonry  was  commenced  a  little  before  the  top  of  the  crib  sank  T)e- 
low  the  water  surface.  No  coffer-dam  was  used  on  the  first  crib,  the 
masonry  being  built  up  as  the  caisson  sank.  The  risks  and  delays 
caused  bv  this  method  determined  the  use  of  coffer-dams  on  all 
other  caissons. 

437.  The  coffer-dams  were  built  with  caps,  sills,  and  vertical 
posts  framed  together,  and  resting  on  top  of  the  crib.  These  frames 
were  sheeted  with  two  courses  of  3-inch  plank,  the  first  placed  di- 
agonally, the  outer  course  horizontally,  as  shown  in  sectiqn  and 
elevation  in  Fig.  197,  and  in  plan  Fig.  200.  Crosspieces  were 
placed  over  the  tops  and  held  down  to  the  cribs  by  long  iron  rods, 
having  hooks  at  the  lower  ends  catching  hold  of  eye-bolts  fastened 
to  the  cribs.  When  these  bolts  were  unhooked  the  sides  and  ends 
of  the  dam  could  be  pulled  apart  and  removed.  This  was  done 
after  the  caissons  rested  on  rock,  aild  the  masonry  was  built  well 
above  the  water.  Fig.  200  shows  plan  of  coffer-dam  and  system  of 
interior  bracing  adopted. 
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A  longitndiual  truss  (see  Fig.  197)  was  used  to  stiffen  the  root 
The  design  of  the  cutting  edge  provided  broad  surfaces  for  bear- 
ing on  the  material,  thereby  supporting  the  caisson  when  desired, 
and  enabling  the  siaking  to  be  regnlated.  The  truss  could  be  used 
for  the  same  purpose.  At  the  same  time  the  men  bad  easy  acoesa  to 
the  cutting  edge.  The  design  of  the  walla  was  very  strong  and 
well  connected,  and  supported  by  the  deck  of  the  caisson.  No  iron 
shoe  or  plates  were  used  to  protect  the  catting  edge,  experience 
'  amply  proving  that  they  are  not  necessary.  It  may,  however,  be 
wise  to  use  them. 

438.  Air-locks  are  used  for  the  passage  of  men  and  material, 
either  from  the  outside  to  inside  of  the  caisson,  or  the  reverse, 
without  the  withdrawal  or  escape  of  more  than  one  lockful  of 
compressed  air  for  each  such  passage.  They  may  be  single  or 
double.    Double  air-locks  were  used  in  the  Cairo  Bridge  and  others 
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constraoted  by  Mr,  Morison,  and  Fig.  201  shows  the  single  air- 
look  used  by  the  writer  in  otlier  caissons  described.  A  description 
of  the  working  of  the  single  air-lock  will  render  the  understanding 
of  the  other  easy  by  a  simple  examination  of  the  drawing. 
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439.  Assuming  that  the  air-chamber  and  shaft  contain  com- 
tain  compressed  air,  and  that  the  lower  door  is  closed  and  held 
against  its  bearings  by  the  compressed  air^  the  upper  door  of  the 
lock  is  in  this  case  open.  The  men  enter  the  air-lock  from  above 
and  close  the  upper  door,  opening  at  the  same  time  a  valve  placed 
in  the  lower  door,  or  the  one  of  a  pair  in  the  double  lock,  and  the 
compressed  air  rushes  into  the  lock;  its  pressure  now  holds  the 
upper  door  shul  The  air  will  comtinue  to  flow  into  the  lock 
until  the  pressure  is  the  same  as  in  the  air-chamber.  The  lower 
door  now  opens  readily,  as  the  pressure  is  the  same  on  both  sides. 
The  men  then  descend  into  the  air-chamber.  In  coming  out 
they  pass  into  the  air-lock  through  the  lower  and  open  door, 
closing  this  behind  them;  then,  opening  a  valve  in  the  upper  door, 
the  compressed  air  rapidly  escapes  from  the  air-lock,  and  continues 
to  do  BO  until  it  is  reduced  to  the  atmospheric  pressure  on  the  out- 
side when  the  upper  door  opens  and  the  men  pass  out. 

In  the  double  lock  the  doors  open  sideways  or  horizontally  in- 
stead of  vertically,  as  above  described  for  the  single  lock.  The  prin- 
ciple is  the  same :  one  of  each  pair  of  doors  is  shut  when  the  other 
is  open.  Two  independent  locks  are  thus  formed,  each  opening  at 
one  end  into  the  shaft  above  and  that  below  by  independent  doors — 
these  shafts  not  being  directly  connected,  the  two  overlapping,  as  it 
were.  In  these  caissons  the  lock  is  placed  in  the  cribwork,  and 
only  8  feet  above  the  deck  of  the  caisson  (see  Fig.  196). 

In  the  other  case  (see  Fig.  197)  the  lock  is  placed  at  the  top  of 
the  shaft,  and  always  above  the  water  surface.  The  writer  believes 
that  this  is  the  safer  plan  of  the  two,  the  men  having  a  better 
chance  of  escape  in  case  of  an  accident. 

In  either  case  the  lock  is  usually  made  of  i-inch  iron  plates 
riveted  together,  and  stiffened  by  angle-irons.  The  dimensions  of 
the  lock  vary  in  the  practice  of  different  engineers.  This  double 
lock  was  9'  X  7'  X  6';  the  single  lock  was  15  feet  high  and  4  feet 
in  diameter. 

440.  The  air-pipe  is  usually  4  inches  in  diameter,  and  closed  at 
the  lower  end  by  an  automatic  valve.  The  discharge-pipes  may  be 
from  3  to  4  inches,  and  the  water-pipe  for  working  the  sand  or 
mud  pump  and  other  purposes  is  about  6  inches,  in  diameter. 

441.  The  operation  of  sinking  the  caisson  is  simple.  The  cais- 
son is  partly  built  on  land,  then  launched,  and  completed  while 
floating.  It  is  towed  to  its  proper  site,  and  the  building  of  the  crib  is 
commenced.     The  pockets  of  the  crib  are  filled  with  concrete  as  it 
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sinks.  When  resting  firmly  on  the  bed  of  the  stream  air  is  forced 
into  the  air-chamber,  and  the  men  descend  and  commence  excava- 
ting the  material.  This,  if  gravel  and  sand  or  finely  divided  silt,  clay, 
or  ordinary  earth,  is  piled  around  the  bottom  of  the  discharge-pipes, 
the  valves  are  opened,  and  the  material  is  blown  up  and  out  of  the 
pipes  with  great  rapidity  and  violence.  The  only  skill  here  is  to 
avoid  having  the  pipes  choked  up. 

For  stiff  and  compact  clays  or  silts  it  is  first  necessary  to  cut 
the  material  up  with  a  water- jet,  when  they  can  likewise  be  blown 
out.  Or  it  may  be  better,  for  these  materials,  to  use  the  mud 
or  sand  pump.  This  is  shown  in  Fig.  202/.  Water  is  forced  down 
through  a  pipe  and  into  the  pump.  It  then  passes  with  great 
pressure  through  the  annular  space  around  the  mouth  of  the  suc- 
tion-pipe. This  creates  a  partial  vacuum,  and  the  material  is  sucked 
up  through  a  hose  connected  to  the  bottom  of  the  suction-pipe, 
and  passes  on  upwards  with  the  water. 

442.  In  whatever  manner  the  material  is  moved  from  the  air- 
'  chamber  and  under  the  cutting  edge  the  resistance  is  reduced,  and 

if  the  outside  friction  is  not  too  great  the  caisson  will  settle  gradu- 
ally. It  is,  however,  more  commonly  necessary,  after  removing  the 
material,  to  reduce  the  air-pressure  by  allowing  the  air  to  escape 
through  pipes.  When  sufficiently  reduced  the  caisson  will  sink 
from  a  few  inches  to  several  feet.  When  it  stops,  or  when  sunk  as 
far  as  desirable,  the  air-pressure  is  raised  and  the  sinking  ceases. 
Men  then  descend  and  commence  excavating  again.  The  same 
operations  are  repeated. 

A  very  slight  reduction  of  the  pressure  sets  up  a  dense  fog.  The 
loss  of  air  is  the  principal  objection  to  the  blowing-out  process  of 
removing  the  material. 

Large  bowlders  are  either  simply  carried  down  with  the  caisson 
or  must  be  brought  out  through  the  main  lock  and  shaft. 

443.  When  a  sufficient  depth  is  reached,  or  a  good  firm  bed  is 
found,  the  bed  is  levelled  off  and  the  air-chamber  filled  with  con- 
crete. This  concrete  is  usually  passed  down  through  a  supply-pipe 
about  18  inches  in  diameter.  The  entire  length  of  this  shaft  is 
converted  into  an  air-lock  by  attaching  a  door  at  top  and  bottom. 
With  the  lower  door  closed  and  properly  supported  the  concrete  is 
thrown  into  the  shaft.  When  from  one-half  to  one  cubic  yard  has 
been  thrown  in,  the  upper  door  is  closed,  the  air-pressure  equal- 
ized, the  lower  door  opened,  and  the  concrete  falls  on  a  platform  in 
the  working-chamber,  whence  it  is  shovelled  or  carried  in  barrows, 
deposited,  and  rammed. 
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444.  The  assumed  limit  of  depth  for  this  process  is  100  feet  be- 
low the  water  surface.  For  greater  depths  the  open-crib  process 
has  been  of  late  commonly  adopted. 

446.  When  a  rock  bed  is  reached  the  rock  can  be  levelled  off,  or 
cat  into  steps  if  sloping.  The  first  is  slow  and  expensiye.  The 
second  was  adopted  by  the  writer  at  the  Susquehanna  and  Schuyl- 
kill bridges,  6.  &  0.  By. 

The  difference  of  level  of  the  rock  within  the  limits  of  the 
caisson  varied  from  4  to  21  feet.  The  method  adopted  in  the  lat- 
ter case  was  to  sink  the  caisson  about  8  feet  at  the  highest  point, 
leaving  the  rock  13  feet  below  the  cutting  edge  at  the  other  end  of 
the  caisson,  and  varying  more  or  less  irregularly  between  the  two. 
Pits  were  then  excavated  to  the  rock,  in  sizes  about  8  or  10  feet 
square,  and  the  bottom  levelled  or  well  roughened ;  these  were  then 
filled  up  to  and  under  the  cutting  edge  with  concrete  (see  Fig.  197, 
below  caisson),  after  which  the  working-chamber  was  filled.  In 
some  cases,  after  building  a  wall  of  concrete  around  the  cutting 
edge,  to  save  expense  the  remaining  portion  of  the  caisson  has  been 
filled  with  sand. 

446.  The  depths  reached  below  water  surface  in  some  of  the 
largest  and  most  recent  bridge  structures,  together  with  the  sizes 
of  the  cribs  or  caisson,  and  the  materials  upon  which  the  structure 
finally  rested,  are  given  in  the  table  below. 

Tablb  XLVin 


Depth  Sunk 

below  Water 

Surface  In 

feet. 

Material  and  Dimensions 
of  Caissons  in  feet. 

Character  of 
Foundation-bed. 

Hawkesbury,  open  crib. 
Poughkeepfiie,  open  crib. 
Memphis,  caisson 

Cairo,  caisson 

165 
135 
108 

94 

94 

Iron....  52  X  24 
Timber,  60  xlOO 
Timber,  40  X  22  to 

92  X  47 
Timber,  60  X  26  to 

70  X  80 
Timber,  63iX  26  to 

78  X  42i 

Compact  gravel. 
Compact  gravel. 
Clay. 

Sand. 

Susquehanna,  caissoQ... 

Rock  (solid). 

These  are  the  greatest  depths  reached.    Some  few  caissons  of 
larger  dimensions  have  been  nsed,  and  many  smaller  ones. 

447.  The  height  of  the  caisson  proper  is  rarely  over  18  feet; 
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this  consists  of  a  working-chamber  from  7  to  9  feet  pitch,  and  the 
thickness  of  roof  or  deck,  from  1  to  3  feet  if  of  iron,  if  of  timber 
8  or  10  feet.  The  crib  on  top,  whether  constructed  of  iron  or  tim- 
ber, may  be  of  any  height  desired,  as  determined  by  the  point 
below  the  water  surface  at  which  the  masonry  is  to  be  commenced. 
448.  The  effect  upon  the  men  working  under  gi*eat  air-press- 
ure is  not  well  understood.  Some  men  suffer  from  pains  in  the 
ears;  all  are  liable  to  pains  in  the  limbs — of  a  temporary  nature, 
usually  passing  off  in  a  day  or  two;  a  few  are  stricken  with 
some  form  of  paralysis,  either  temporary  or  permanent;  and  a  rather 
small  percentage  die.  These  effects,  except  the  pains  in  the  ear, 
never  occur  while  under  the  pressure,  but  generally  in  a  few  min- 
utes after  coming  out. 


SUBSTRUCTURE   AND    FOUNDATIONS   OF  THE   MISSISSIPPI   RIVER 

BRIDGE,   MEMPHIS,  TENN. 

As  seen  in  Fig.  202  (^),  showing  a  section  of  the  river  and  under- 
lying strata,  there  are  four  piers  and  two  abutments  or  anchorage 
piers.  Piers  1  and  4  are  close  to  the  banks  and  may  be  called  shore 
piers,  while  2  and  3  are  river  piers.  High-water  surface  is  about  35 
feet  above  that  at  low- water.  Soundings  gave  the  depth  of  the 
bed  of  the  river  below  low  water,  at  the  site  of  Pier  2,  36  feet,  and 
at  the  site  of  Pier  3,  21.6  feet.  A  layer  of  sand  47  and  52  feet, 
respectively,  overlaid  the  clay  stratum.  This  clay  stratum,  known  as 
the  LaGrange  formation,  is  150  feet  thick  and  perfectly  water-tight. 
One  boring  was  made  into  this  clay  to  the  depth  of  about  47  feet. 
Under  the  clay  lies  a  water-bearing  sand  or  gravel  stratum,  the  out- 
crop of  which  is  perhaps  fifty  miles  east  of  Memphis,  and  is  at  a 
somewhat  greater  distance  on  the  west.  The  kinds  of  materials 
indicated  by  the  borings  are  shown  in  section  Fig.  202(^).  The 
bore-holes  are  shown  by  full  black  lines. 

It  was  evident  that  the  clay  must  be  reached,  as  it  would  be  un- 
safe to  build  on  the  sand.  Owing  to  the  compact  nature  of  the 
clay  .it  was  not  deemed  necessary  to  sink  the  caissons  to  any  great 
depth  into  it,  but  it  was  determined  to  lighten  as  much  as  possi- 
ble the  weights  of  the  caissons,  cribs,  and  masonry,  and  to  give  a 
sufficient  spread  of  base  to  keep  the  pressure  in  safe  limits, 
even  on  a  compressible  clay.  In  order  to  do  this  it  was  deter- 
mined to  use  a  high  grade  of  masonry,  to  reduce  the  dimensions 
of  the  piers  to  a  minimum,  and  to  build  the  lower  portions  of  the 
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piers  hollow,  which,  though  objectionable  in  a  cold  climate,  was 
deemed  admiaeible  in  that  latitude.    The  constrncUoD  of  the  cais- 
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son  was  Boch  that  its  weight  should  not  exceed  that  of  the  displaced 
sand  balk  for  bulk,  and  that,  af ler  deducting  4(J0  pounds  per  square 
foot  for  friction  on  the  exposed  surfaces  of  caisson  and  crib,  the 
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weight  placed  on  top  of  the  latter  should  not  produce  a  pressure  on 
the  foundation -bed  of  clay  exceeding  two  tons  per  square  foot. 
The  base  required  to  thus  limit  the  pressure  for  the  caisson  was 
calculated  to  be  92  feet  long  and  47  feet  wide.  The  sides  of  the 
caisson  below  the  bed  of  the  river  were  built  without  batter,  that  is, 
vertically.  The  total  heights  of  caisson  proper,  crib  and  solid-tim- 
ber work  about  it  are  59.4  feet  for  Pier  2  and  39.6  feet  for  Pier  3. 
These  heights  were  adopted  so  that  the  top  of  the  timber-work 
and  the  base  of  the  masonry  piers  would  be  about  on  a  level  with  tlie 
bed  of  the  river.  But,  as  often  happens,  matters  did  not  turn  out 
exactly  as  expected,  and  good  material  was  found  under  Pier  2  at 
a  less  depth  than  was  expected,  consequently  the  caisson  projects 
above  the  bed  of  the  river,  whereas  at  Pier  3  it  was  found  neces- 
sary to  go  deeper,  and  the  base  of  the  masonry  is  well  under  the 
bed  of  the  river.  Such  things  cannot  be  avoided.  They  illustrate 
the  necessarily  uncertain  data  ujjon  which  calculations  must 
be  based.  The  same  remark  also  applies  to  the  attempt  at  nice 
adjustment  of  weights,  friction  on  the  sides,  and  resulting  pressure 
on  the  foundation-bed  referred  to  above  in  dimensioning  the  cais- 
son. All  of  the  elements  entering  are  uncertain,  and  how  near  to 
two  tons  per  square  foot  of  bed  the  actual  pressure  approaches  is 
unknown,  and  can  never  be  known.  It  is  at  least  commendable  in 
the  Chief  Engineer,  Geo.  S.  Morison,  as  it  is  the  first  instance,  in 
the  writer's  knowledge,  that  any  attempt  has  been  made  to  provide, 
as  far  as  possible,  for  a  carefully  estimated  balance  between  pres- 
sures and  resistances,  however  uncertain  the  result  may  be. 

In  the  construction  of  the  caissons  the  usual  V-shaped  cutting 
edge  was  used  which  has  characterized  all  of  Mr.  Morison's  caissons, 
as  also,  the  open-work  crib  of  timber  to  heights  above  the  shoe  of 
44  feet  for  Pier  2  and  29.2  feet  for  Pier  3.  To  a  height  of  17.3 
feet  above  the  iron  shoe  the  V-shaped  walls  and  open  work  above 
were  filled  with  concrete.  Above  this  height  the  open-timber  crib 
was  only  partially  filled  with  concrete ;  the  pockets  around  and  ad- 
jacent to  the  sides  and  ends  of  the  crib  were  left  empty.  This  con- 
struction, together  with  15.4  feet  of  solid  timber  on  Pier  2  and  10.4 
feet  on  Pier  3  above  the  concrete  and  open-timber  crib,  is  a  some- 
what new  departure  in  caisson  design.  The  construction  of  caisson 
and  crib  for  Pier  2  is  shown  in  Figs.  202  (a)  and  (b),  (a)  showing 
part  elevation  and  vertical  section  and  {b)  the  top  and  horizontal  sec- 
tion, (c)  showing  iron  shoe.    The  construction  as  shown  is  designed 


COKSTBUCTION.  533 


to  rednoe  the  weight  in  order  to  carry  out  the  idea  of  making  the 
weight  of  the  caisson  equal  to  that  of  the  displaced  sand,  and  at  the 
same  time  reducing  the  cost  by  the  amount  of  concrete  saved,  and 
the  difference  in  cost  between  solid  timber  and  timber  and  eon- 
crete^  if  any. 

The  vertical  side  walls  are  bound  together  by  54  2-inch  rods^ 
the  lower  lengths  of  which  pass  through  the  timbers,  the  nuts 
being  screwed  against  the  under  side  of  the  shoulder  of  the  cutting 
edge  and  against  washers  on  the  top.  In  the  upper  part  of  the 
work  these  rods  are  placed  immediately  inside  the  timbers. 

There  are  also  24  2-inch  rods  similarly  placed  in  the  cross-walls 
and  connected  with  1^-inch  rods  extending  through  the  concrete. 
In  addition,  112  l^inch  rods  extend  from  the  roof  of  the  caisson 
to  the  top  of  the  concrete,  near  the  timber  intersections;  the  inside 
walls  of  the  V-shaped  portion  are  tied  to  the  outside  walls  with  96 
l^-inch  rods.  The  sides  of  each  cross-wall  are  tied  together  by  36 
1-inch  bolts,  and  the  timbers  of  the  roof  are  tied  together  by  390 
1-inch  bolts.  The  successive  courses  of  timber  in  the  outer  walls 
are  driftbolted  with  34-inch  bolts,  spaced  5  feet  apart.  The  tim- 
bers of  the  inclined  walls  of  the  working-chamber  are  fastened  with 
drift-bolts  30  inches  long,  spaced  3  feet  apart ;  and  the  cross-walls 
are  driftbolted  as  in  the  outer  walls.  The  timbers  of  the  solid  fill- 
ing above  the  concrete  are  held  with  34  X  1  inch  drift-bolts,  spaced 
8  feet  apart  in  every  stick.  Alternating  the  position  of  these  bolts 
in  consecutive  courses,  there  are  continuous  lines  of  drift-bolts, 
spaced  4  feet  apart.  The  outside  planking  is  fastened  with  two 
7  X  i  inch  boat-spikes  per  square  foot  of  surface,  and  all  other 
planking  by  two  7  X  f  inch  boat-spikes  per  square  foot. 

The  cornel's  of  the  caissons  are  rounded  and  plated  with  f-inch 
iron. 

The  largest  caisson,  for  Pier  2,  contains  1,548,000  feet  B.  M.  of 
timber  and  424,000  pounds  of  iron;  for  Pier  3, 1,078,000  feet  B.  M. 
of  timber  and  340,000  pounds  of  iron — equivalent  to  273  J  and  313^ 
pounds,  respectively,  of  iron  per  1000  feet  B.  M.  of  timber. 

Each  caisson  was  provided  with  four  24  inch  supply-shafts  for 
the  removal  of  material  and  passing  the  concrete  into  the  work- 
ing-chamber. There  was  also  one  36-inch  shaft  with  double  air- 
lock at  the  bottom,  as  shown. in  Fig.  202  (a)  and  (b),  such  as  has 
been  commonly  used  by  Mr.  Morison;  and  in  addition  one  6-foot 
shaft  with  special  air-lock  at  the  bottom,  and  fitted  with  an  elevator 
cage  for  the  use  of  the  men.     This  is  shown  in  elevation  in  Fig. 
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202  (d)  and  in  plan  in  (d').  There  were,  of  course,  the  usual  pipes 
for  air,  water,  and  the  removal  of  sand.  A  special  device  called 
the  "  clay-hoist "  was  used.  This  is  shown  in  vertical  section.  Fig. 
202  (e)  and  in  plan  in  (e').  It  consists  of  an  air-lock  at  the  top  of  the 
shaft,  behind  which  is  placed  a  cylinder  and  piston.  The  speed  of 
the  piston  is  multiplied  by  two  sets  of  sheaves,  so  that  the  stroke 
of  the  piston  will  lift  a  bucket  from  the  bottom  of  the  caisson  to 
the  air-lock  on  top.  The  air-lock  is  provided  with  two  doors,  one 
of  which,  opening  into  the  shaft  below,  is  closed  by  a  lever  with  a 
balance-weight  on  the  outside,  and  the  other,  opening  into  the  open 
air,  is  worked  by  an  attendant  outside.  The  only  power  used  is  the 
air-pressure  of  the  caissons.  The  bucket  carried  6^  cubic  feet,  and 
12  buckets  have  been  carried  out  by  a  single  hoist  in  an  hour.  Four 
hoists  were  provided,  but  only  two  were  used  at  a  time.  The  sand- 
pump,  known  as  Monson's  pump,  is  shown  in  vertical  and  horizon- 
tal section  in  Figs.  202  (/)  and  (/'). 

The  engine  working  the  passenger-hoist  is  placed  on  top  of  the 
shaft,  and  is  also  driven  by  the  compressed  air.  This  shaft  is  6  feet 
above  the  6-foot  air-lock,  and  4  feet  in  diameter  below.  These  three 
cylinders  are  side  by  side,  the  shells  are  connected  by  cast-iron  door- 
frames carrying  doors;  while  a  fourth  door,  opening  outward,  is 
placed  at  the  bottom  of  the  4-foot  shaft.  In  working,  the  door 
between  the  two  shafts  was  always  kept  closed,  and  the  door  at  the 
bottom  of  the  bottom  shaft  was  always  left  open. 

The  only  power  used  to  raise  either  men  or  material  was  the  air 
of  the  caisson.  While  this  may  not  be  as  economical  as  the  direct 
use  of  steam,  it  was  convenient,  and  aided  in  the  ventilation  of  the 
caissons. 

The  launching-ways  were  built  on  a  pile  foundation.  The  piles 
were  driven  to  a  depth  of  about  25  feet  into  the  ground.  These 
were  cut  off  and  capped  with  12-inch  timbers  running  parallel  to 
the  river,  and  on  these  were  placed  the  ways  proper,  which  were 
driftbolted  to  the  caps  and  inclined  at  1  in  4  for  a  length  of  48 
feet  and  1  in  3.43  for  the  remainder.  The  launching-shoes  or  car- 
riers, which  were  simply  transverse  timbers,  were  placed  on  these 
ways,  the  cutting  edge  was  set  up  on  the  carriers,  and  the  caisson 
built  up  to  a  height  of  17.8  feet  above  the  lower  edge  of  the  iron. 
The  caisson  was  fitted  with  a  false  bottom.  It  was  not  intended 
that  this  bottom  should  be  water-tight,  but  only  to  prevent  a  too 
rapid  sinking  of  the  lower  edge  after  launching.  The  caissons 
were  then  launched  in  the  usual  manner. 
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The  mattresses  used  to  protect  the  bed  at  the  sites  of  the 
piers  from  scour  were  constructed  on  barges.  The  upper  edge 
of  the  mattress  was  fastened  to  barges  anchored  above.  As 
the  weaving  progressed  the  weaving  barges  dropped  down- 
stream, so  that  when  completed  the  entire  mat,  400  feet  long 
and  240  feet  wide,  was  floating  on  the  water.  The  upper  half  of 
the  mat  was  loaded  with  stone  from  barges  floating  over  it  after  it 
bad  been  weighted  sufficiently  to  sink  it  well  below  the  surface,  it 
being  still  held  by  the  mooring-lines.  When  the  floating  barges 
had  passed  over  about  one  half  the  length  of  the  mat  the  mooring- 
lines  were  cast  off  and  the  upper  end  sank  to  the  bottom.  The 
first  mat  sunk  was  found  to  be  about  120  feet  farther  down-stream 
than  was  intended.  Two  mats  were  used  at  Pier  2,  each  coutaiuing 
1000  cords  of  brush  and  poles,  900  tons  of  riprap,  and  10,000 
pounds  of  wire. 

Twelve  box-anchors,  made  of  timber  cribs  filled  with  broken 
stone,  were  dropped  in  proper  positions  well  above  the  site  of  the 
pien  These  cribs  were  10-feet  cubes  inside  of  timbers.  To  these 
two  barges,  six  anchor-cribs  to  each,  were  fastened  with  l^-inch  steel 
wire.  The  caisson  was  fastened  to  the  barges  with  two  wire  ropes  by 
means  of  a  double-drum  winding-engine,  by  which  the  caisson  could 
be  pulled  into  position.  In  addition,  anchors,  one  on  either  side, 
were  placed  about  500  feet  from  the  caisson,  and  fastened  to  it  with 
4i-inch  manilla  rope.  The  caisson  was  then  hauled  in  position  and 
the  concrete  filling  commenced,  as  was  also  the  timber-work  above. 
As  the  caisson  sank  additional  lines  were  run  from  it  to  the  barsres, 
until  the  total  strength  of  these  lines  was  about  equal  to  that  of 
those  connecting  the  barges  and  the  anchors.  When  the  caisson 
grounded  in  about  36  feet  of  water  the  air-pressure  was  put  on,  and 
fourteen  days  were  spent  in  cutting  through  the  two  thicknesses  of 
mat  under  the  caisson. 

The  building  and  concreting  were  continued  as  the  caisson  sank 
into  the  bed,  the  sand  being  removed  through  the  sand-pumps. 
The  masonry  had  been  commenced  when  owing  to  a  rise  in  the 
river  it  was  deemed  advisable  to  suspend  the  work.  The  caisson 
was  blocked  up  under  the  shoe,  and  abandoned  until  low  water  of 
the  next  season. 

The  launching,  placing, and  sinking  of  Pier  3  were  conducted  in 
the  same  manner  as  for  Pier  2,  but  owing  to  locating  on  a  rising 
river,  the  caisson  was  carried  50  feet  west  of  its  true  position  before 
reaching  the  bed  of  the  river  in  44  feet  of  water.     By  means,  how- 
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ever,  of  a  quantity  wire  rope  and  a  large  number  of  anchors  tte 
caisson  was  brought  back  to  its  true  position  and  sunk  without 
further  trouble.  After  reaching  the  clay,  borings  and  wells  suuk 
below  the  caisson  showed  that  the  clay  was  not  sufficiently  firm  to 
build  upon,  and  it  became  necessary  to  sink  the  caisson  into  the 
clay.  Work  was  then  stopped  on  this  caisson  for  a  more  fayorable 
stage  of  water.  Subsequently  the  caisson  was  sunk  18  feet  into 
the  clay,  the  additional  height  required  being  given  in  the  masonry 
of  tbe  pier.  Borings  were  made  and  a  well  sunk  below  caisson  3  on 
resuming  work;  the  material  proving  satisfactory,  further  sinking 
was  stopped  at  a  somewhat  higher  elevation  than  was  originally 
intended. 

The  actual  maximum  depths  at  which  the  men  worked  below  the 
water  surface  was  108  feet.  At  the  depths  of  about  100  feet  the 
men  worked  only  two  hours  per  day,  in  shifts  of  40  minutes  each. 

The  concrete  was  made  of  crushed  limestone,  sand,  and  cement. 
The  sand  was  dredged  from  the  bed  of  the  river.  The  cement  was 
from  Louisville,  Ky.  In  special  portions  of  the  work  German  Port- 
land cement  was  used.  The  concrete  was  mixed  in  a  machine 
mixer.  All  of  the  ingredients,  including  water,  were  mixed  to- 
gether. The  concrete  above  the  working-chamber  was  g-auged,  1 
barrel  cement,  7i  cubic  feet  of  sand,  and  13 J  cubic  feet  oi'  crushed 
stone.  In  the  V-shaped  walls  the  crushed  stone  was  reduced  about 
one  half.  In  the  working-chamber  the  same  character  of  concrete 
was  used  as  above  described,  except  that  in  parts  difficult  of  access 
the  quantity  of  crushed  stone  was  reduced,  and  that  the  lowest  2 
feet  of  concrete  was  made  with  Portland  cement.  Portland  cement 
mortar,  1  cement,  3  sand,  was  used  under  the  cutting  edge,  cross- 
walls,  and  roofs.  The  central  portion  of  concrete  was  made  of 
Louisville  cement. 

In  Figs.  202  (h)  and  (t)  an  elevation  and  horizontal  sections  of 
the  masonry  piers  are  shown.  The  hollow  portion  near  the  bottom 
of  the  piers  is  10  X  20  feet.  In  the  main  portion  of  tJie  pier  and  in 
the  curved  ends  a  semicircle  of  6-feet  radius  is  left  hollow,  the 
dividing  walls  between  the  two  at  each  end  being  J3.5  feet  thick. 
The  construction  is  shown  in  Pig.  202(i),  which  is  part  plan  and 
part  horizontal  section. 

Tests  made  on  the  clay  upon  which  the  piers  aie  founded,  the 
clay  column  entirely  unsupported  on  the  sides,  showed  a  resistance 
to  compression  of  from  13,400  pounds  to  19,300  pounds  per  square 
foot.     The  actual  weights  of  piers  were,  for  Pier  2, 10,410  pounds. 
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and  for  Pier  3,  9934  poonds^  per  square  foot.    After  deducting 
buoyancy,  friction,  etc.,  the  actual  pressures  on  the  foundation-bed 
are  3339  and  3503  pounds  per  square  inch,  respectiyely. 
The  following  table  shows  cost  of  Piers  2  and  3 : 

Table  XLVUIa. 


LauDching-ways 

Caisson 

Concrete  above  chamber.. 
**         in  chamber. . . . 


Mattresses 

Anchoring  caissonB.   . . 
Sinking  **       . . . . 

Lighting  pier.   

Insurance 

Protecting  foundations. 


Pier  9. 


mate- 
rial. 


(1.792 

10.528 
3,814 


12,862 
4,619 

17.215 
260 
558 


Labor. 


$1,824 

24,168 

3.847 

1,810 


5,634 

2.087 

60,826 

2,898 


Total,  placing,  sinking,  etc. 


Total  for  foundations. , 
Masonry,  4197  cu.  yds. 


Total. 


$8,617 

70,018 

14,876 

5,125 


$98,186 

17,996 
6,707 

68,042 

2,659 

558 


$95,957 


Aggregate  cost. 


$189,094 
108.669 


$297,768 


Piers. 


Mate- 
rial. 


$1,885 

88,117 

7,393 

6,883 


4,548 

7.557 

19,482 

55 

895 

562 


Labor. 


$1,788 

17.976 

2.448 

2,174 


2.127 

8,778 

59,584 

178 


101 


Total. 


$8,678 

51.094 

9.842 

8,558 


$78,167 

6,671 

11,886 

78,967 

285 

895 

668 


$98,267 


$171,435 
124.442 


$295,877 


THE  FORTH   BRIDGE. 


Length  between  high- water  mark  on  the  two  shores,  1900  yards; 
total  lengthy  2700  yards.  Beginning  at  the  Qneensferry  side,  the 
bridge  is  constructed  for  a  distance  of  1780  feet  on  9  piers  of  gran- 
ite masonry;  average  span  160  feet,  height  of  piers  130  feet. 

The  cantilever  tower  is  at  base  103  feet  in  length  and  52  feet  in 
thickness.  This  supports  the  shore  end  of  one  of  the  cantilever 
anus  and  that  of  one  of  the  girders. 

Three  granite  piers  formed  by  a  group  of  four  columns  each 
give  two  spans  of  1700  feet  each.  These  piers  were  constructed  by 
sinking  iron  and  steel  caissons  70  feet  in  diameter  either  to  rock  or 
to  bowlder  clay,  the  depths  sunk  varying  froiA  70  to  90  feet.    The 
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caissons  were  filled  to  low-water  mark  with  concrete.  From  this 
to  18  feet  above  high-water  mark  the  piers  are  of  masonry.  These 
cylindrical  masses  of  concrete  and  masonry  decrease  from  a  bottom 
diameter  of  70  feet  to  a  top  diameter  of  50  feet.  Joining  the 
centres  of  the  four  cylinders,  in  the  centre  pier  of  the  three,  the 
oblong  formed  would  measure  270  X  120  feet,  while  for  the  two  out- 
side piers  the  oblong  is  155  X  120  feet. 

These  piers  carry  the  two  long  spans,  1700  feet  each.  Extend- 
ing to  the  right  and  left  of  these  are  the  cantilever  arms  675  feet 
in  length  eaph,  their  free  ends  resting  upon  the  cantilever  towers  as 
above  described.  There  are  2  spans  1700  feet  in  length,  and  2  spans 
675  each,  these  together  constituting  the  cantilever  spans.  The 
clear  height  above  high  water  is  150  feet,  and  the  top  of  the  canti- 
lever is  350  feet  above  high  water. 

There  were  also  15  spans  168  feet  in  length  and  5  of  25  feet  in 
length,  or  a  total  of  1^  miles.  There  are  some  45,000  tons  of  steel 
in  the  superstructure,  and  120,000  cubic  yards  of  masonry  in  the 
piers.     The  contract  cost  was  about  $8,000,000. 

In  locating  the  piers  fine  pianoforte  steel  wire  was  used.  This 
wire  was  suspended  from  supports  at  the  two  ends  of  an  accurately 
measured  base-line  1700  feet  long,  allowing  a  sag  of  24  feet  at  the 
centre,  and  marks  fixed  to  indicate  this  distance  on  the  wire.  The 
wire  was  coiled  on  a  roller. 

The  span  was  measured  by  pulling  the  wire  so  as  to  have  the 
same  sag  at  the  same  temperature  as  when  stretched  along  the  base- 
line. This  measurement  was  made  repeatedly,  and  as  often  tested 
on  the  base  to  determine  whether  it  had  stretched ;  but  all  of  the 
observations  were  in  exact  accord. 

The  reliability  of  this  method  for  measuring  long  distances  has 
been  especially  noted  by  the  writer  in  his  work  on  Foundations. 

COMBINED  OPEN-ORIB  AND   PNEUMATIC   CAISSON. 

449.  In  order  to  utilize  the  benefits  of  the  pneumatic  process, 
both  for  depths  in  which  coffer-dams  are  used  as  well  as  for  depths 
beyond  the  limit  of  the  pneumatic  process  for  which  open  cribs 
and  dredging  have  been  used,  and  further  to  dispense  with  "either  a 
timber  or  iron  roof  separating  the  concrete  in  the  air-chamber  from 
the  concrete  or  masonry  above,  which  is  certainly  desirable,  the 
writer  designed  a  combined  crib  and  caisson,  and  patented  the  same. 
The  general  construction  is  that  of  a  double- wall  open  crib  with  aii- 
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tight  roof — one  or  more^  according  to  the  depth  desired  to  be  reached. 
The  roof  or  roofs  are  removable.  If  in  the  limit  of  depth  ad- 
missible by  the  pneumatic  process  only  one  roof  is  necessary,  two 
are  desirable.  The  weight  required  to  sink  the  structure  is  placed 
between  the  two  walls,  as  in  the  open-crib  process,  and  not  on  the 
roof,  as  in  the  pneumatic  process.  The  sinking  is  effected  by  the 
latter  process.  When  resting  on  its  final  bed  the  air-chamber  is 
filled  with  concrete,  or  to  the  necessary  height,  to  prevent  leakage 
under  the  cutting  edge.  The  roof  is  then  removed  and  the  con- 
creting done  in  the  open  air.  This  results  in  a  homogeneous  con- 
crete or  masonry  mass  from  bottom  to  top,  not  broken  or  separated 
by  timber  or  iron. 

If  greater  depths  than  100  feet  have  to  be  reached,  the  pneu- 
matic process  can  be  used  to  that  depth,  and  the  open  crib  and 
dredging  process  below  it.  Economy,  rapidity,  and  certainty  are 
secured,  and  at  any  depth  piles  can  be  introduced  and  driven  in 
order  to  secure  greater  support  and  stability.  Fig.  204  shows  a 
vertical  section  through  the  structure,  the  roof  partly  removed,  and 
the  concrete  carried  up  above  it. 

460.  Coffer-dams  have  heretofore,  as  a  rule,  been  resorted  to  in 
depths  of  water  and  excavations  below  the  bed  of  the  river  when 
the  aggregate  depth  did  not  exceed  25  to  30  feet.  Even  in  depths 
not  exceeding  15  to  20  feet  coffer-dams  are  usually  very  troublesome 
and  expensive.  Do  what  we  may,  in  some  cases  it  is  impossible 
to  pump  them  out  and  keep  them  clear  of  water  without  a  number 
of  pumps  and  corresponding  boiler  and  engine  capacity.  They 
are  often  broken  through  or  undermined,  causing  great  delay  and 
expense.  At  these  depths  it  has  not  been  deemed  desirable  to 
employ  the  pneumatic  caisson  and  the  pneumatic  process,  (1 )  be- 
cause the  plant  is  assumed  to  be  unnecessarily  expensive,  (2)  it  was 
not  considered  good  practice  to  have  a  timber  deck  or  roof  reaching 
so  near  the  water  surface,  as  it  might  be  supposed  or  feared  that 
at  very  low  stages  of  water  the  timber  would  be  exposed  to  condi- 
tions of  alternate  wetness  and  dryness,  and  in  consequence  to  de- 
cay; (3)  the  pneumatic  process  was  regarded  as  in  some  degree 
mysterious,  only  understood  by  a  few  specialists,  who  had  to  be  well 
paid  for  the  use  of  their  plant,  skill,  and  experience. 

The  first  objection  will  often  prove  to  be  far  from  the  truth, 
owing  to  the  necessary  and  additional  costs  beyond  even  liberal 
estimates  and  allowances  for  unexpected  contingencies. 

The  third  has,  or  should  have,  no  longer  any  consideration. 
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The  second,  however,  has  at  this  time  the  same  force  that  it 
always  had  and  always  will  have.  This  can,  however,  be  entirely 
removed  by  constructing  all  coffer-dams  in  a  similar  way  as  that 
for  caissons,  but  providing  for  the  removal  of  the  roof  as  soon  as 
the  sealing  up  around  the  cutting  edge  has  been  perfected,  and  all 
of  the  advantages  accruing  from  the  use  of  a  coffer-dam  and  caisson 
will  be  secured:  (1)  Leaks,  undermining,  and  destruction  of  the 
sides  of  the  structure  are  avoided;  (2)  the  cost  of  construction  will 
not  be  materially  increased;  (3)  the  larger  portion  of  the  work  can 
be  performed  in  the  open  air,  and  all  of  it  free  from  the  injurious 
effects  of  the  presence  of  water;  and  (4)  the  foundation-bed  can  be 
examined,  levelled,  and  washed  off — which  are  important  consider- 
ations. The  writer  does  not  hesitate  to  recommend  the  combined 
crib  and  caisson  as  an  efficient  substitute  for  the  ordinary  coffer- 
dam. 

451.  Recently  an  attempt  was  made  to  apply  compressed  air  to 
an  annular  working-chamber  around  an  open  enclosed  space. 
Excavation  was  made  in  this  space,  and  the  structure  sunk  26  to  30 
feet  below  the  water  surface  to  rock.  The  bottom  of  the  annular 
space  was  cleaned  off,  and  a  layer  of  concrete,  or  rather  a  wall  of 
concrete,  laid  in  it  entirely  around  the  enclosed  space.  Several 
attempts  were  made  to  pump  the  water  out  of  the  enclosed  space, 
but  they  resulted  in  failure  and  practical  abandonment  of  the  plan. 
It  became  necessary  to  fill  the  interior  up  to  a  considerable  height 
or  to  the  water  surface  with  concrete  deposited  under  water,  not- 
withstanding its  many  objectionable  features.  A  general  design  of 
such  a  coffer-dam  is  shown  in  Fig.  205.  Fig.  205  simply  shows  a 
double- wall  crib  or  coffer-dam  with  the  lower  portion  of  the  space 
between  the  two  walls  roofed  over  in  order  to  form  a  narrow  air- 
chamber,  in  which  A  A  is  the  air-chamber,  i^j^the  enclosed  space 
to  be  pumped  out,  CO  the  wall  of  concrete.  When  it  was  attempted 
to  pump  the  water  out  of  BB  there  was  a  great  rush  of  air  into  this 
space,  as  on  that  side  the  air-pressure  was  unbalanced.  This  of 
itself  would  greatly  aid  the  inflow  of  water  from  the  outside.  As 
might  have  been  expected,  the  dam  could  not  be  pumped  out.  It 
seems  that  it  was  intended  to  removed  the  roof  over  the  air-chamber 
and  to  fill  over  the  entire  space  with  a  single  solid  mass  of  concrete. 
This,  however,  required  the  removal  of  the  weight  on  the  roof 
required  to  sink  it,  which  would  have  probably  resulted  in  the  lifting 
of  the  coffer-dam.  In  the  combined  crib  and  caisson.  Fig.  204,  the 
space  between  the  double  walls  is  to  be  filled  duriiig  the  sinking 
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with  broken  stone  or  gravel,  or,  better,  with  concrete,  which  would 
rem&in  permanently  in  place.  The  removable  roof  in  to  be  placed 
over  the  entire  closed  space  corresponding  to  space  BB  in  Fig.  20b, 
and  over  which  no  weight  is  ever  placed,  or  at  least  it  is  not 
required,  [f  this  plan  hod  been  adopted  it  would  not  have  been 
neceasary  to  deposit  the  large  bulk  of  the  concrete  under  water, 
and  there  would  have  been  a  solid  nnbroken  mass  of  masonry  or 
concrete  from  bottom  to  top. 

4fila.  The  following  describes  an   interesting  application   of 
oompreesed  air  in  laying  the  foundation  of  a  new  and  large  lock 


for  the  entrance  into  the  Amsterdam  and  North  Sea  Canal,  the 
coDStmction  of  which  is  described  under  the  head  of  Canals. 

The  foundation  of  the  new  lock  is  made  of  concrete.  'J'he 
concrete  was  carefully  made  and  laid  in  place,  the  bed  was  protected 
with  sheet-piling,  and  the  enclosed  space  pumped  nearly  dry  before 
laying  the  concrete;  bat  it  was  found  that  strong  jets  of  water 
were  forced  through  the  bore-holes  used  in  determining  the  char- 
acter of  the  underlying  strata,  these  holes  evidently  having  entered 
some  water-bearing  strata  below  the  clay  bed  on  which  tlie  founda- 
tion was  placed. 

The  contractors,  however,  ignoring  these  jets  of  water,  attempted 
to  lay  and  ram  the  oo7icrete  over  the  jets,  with  the  usual  result  thiit 
the  jets  were  not  choked  down,  the  cement  was  washed  out,  and 
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the  concrete  rendered  valueless.    As  it  was  necessary  to  stop  the 
flow  of  these  streams,  especially  against  fresh  concrete,  large  con- 
crete domes  were  built  over  the  holes.     These  varied  in  diameter 
according  to  the  areas  more  or  less  softened  by  the  water.     Some  of 
them  were  30  feet  in  diameter.     An  ordinary  cylindrical  air-lock, 
with  the  necessary  doors,  pipes,  valves,  etc.,  was  built  into  the  top 
of  the  dome.     The  concrete  was  well  bonded  into  the  clay  to  pre- 
vent leakage.     A  pipe  was  then  driven  outside  the  dome  and  into 
the  water-bearing  stratum  in  order  to  allow  the  escape  of  the  water 
above  the  concrete  bed  of  the  foundation.     Compressed  air  was 
then  forced  into  the  dome,  which  checked  the  flow  through  the 
original  bore-holes,  and  finally  stopped  it  entirely,  the  flow,  how- 
ever, finding  and  discharging  through  the  iron  pipe  outside.     The 
concrete  was  then  laid  in  the  air-chamber  without  interference 
Irom  the  flow  of  water,  and  after  hardening  it  was  capable  of 
resisting  the  pressure  of  the  water  after  discontinuing  the  air- 
pressure.     The  water  that  flowed  up  through  the  outside  pipe  was 
discharged  over  the  bed  of  concrete,  and  was  entirely  harmless  iu 
its  effect.    All  uncertain  and  soft  places  were  thus  treated. 

This  somewhat  novel  plan  was  suggested  by  the  contractors, 
MM.  Mortier  and  Thonvard.  The  engineers  in  charge  of  the  work 
were  MM.  Van  Meren  and  Bekaar.  (See  American  Architect, 
March  17  1894.) 
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462.  Screw-piles,  whether  of  timber  or  iron,  are  simply  ordinary 
piles  to  the  bottom  of  which  a  screw-disk,  consisting  of  a  single 
turn  of  the  spiral,  similar  to  the  bottom  turn  of  an  auger,  is  fast- 
ened by  bolts  or  pins;  and  instead  of  driving  them  into  the  ground, 
they  are  forced  into  it  by  turning  them  with  levers  or  other 
machinery  suitable  for  the  purpose.  The  power  applied  may  be 
that  of  man,  horse,  or  steam.  The  screw-disks  vary  in  diameter 
from  1  foot  to  4  or  even  6  feet.  Considerable  power  is  required, 
as  the  resistances  developed  are  very  great.  This  resistance  can  be 
reduced  by  applying  the  water-jet  to  the  under,  upper,  or  both 
faces  of  the  disk.  Great  depths  have  been  reached  by  this  process. 
Screw-pile  piers  have  been  used  for  bridges,  lighthouses,  and  other 
similar  purposes.  They  may  be  solid  or  hollow.  The  diameters 
of  the  shaft  or  pile  vary  from  4  inches  to  12  inches,  according  as 
they  are  solid  or  hollow  and  as  the  material  is  iron  or  timber.  A 
light,  strong  pier  can  be  thus  constructed. 
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The  foregoing  remarks  on  foundations  are  but  a  brief  and  im- 
perfect summary  of  the  principles,  theories,  and  practice  applicable 
to  the  construction  of  the  many  and  varying  kinds  of  foundations. 
For  a  more  thorough  and  complete  discussion  of  this  subject  the 
reader  is  referred  to  "  A  Practical  Treatise  on  Foundations,^'  by  the 
author. 

\^ 
ART.   XXXIX. 

ORDINARY  EARTHWORK. 

453.  In  this  article  only  the  constraction  of  ordinary  earthwork, 
such  as  that  required  in  railways,  highways,  and  other  similar  pur- 
poses, will  be  considered. 

The  special  materials  and  modes  of  construction  required  for 
the  embankments  of  canals,  earthen  dams  for  storage-reservoirs, 
and  similar  works  will  be  discussed  under  these  special  heads. 

Foundations  for  earthworks  over  swamps  were  explained  in 
the  preceding  article,  and  in  this  article  foundations  on  firm 
materials,  req*uiring  for  their  stability  only  simple  drainage,  will  be 
contemplated. 

454.  The  embankments  are  assumed  to  be  made  of  the  earthy 
materials  found  along  or  adjacent  to  the  line.  No  material  is  sup- 
posed to  be  excluded  except  a  pure  or  nearly  pure  clay  when  satu- 
rated with  water.  But  little  attention,  as  a  rule,  is  given  to  this 
material;  nothing  but  practical  difficulties  in  handling  it  seems  to 
have  any  weight  in  the  construction  of  embankments,  and  when 
met  with  in  excavations  has  to  be  dealt  with  as  best  we  can.  It 
may  be  stated,  however,  that  very  wet  clay  should  not  be  used  in 
forming  embankments,  as  it  will  require  a  long  time  to  make  a  firm 
and  satisfactory  embankment,  if  it  ever  will. 

If  a  selection  is  to  be  made,  shivers  of  rock,  broken  stone,  or 
gravel  and  coarse  sand  afford  the  best  materials  with  which  to 
constmct  embankments,  as  they  do  not  retain  water  and  have 
considerable  frictional  resistances.  Mixtures  of  clay  and  sand  or 
gravel  furnish  also  good  materials.  These  compose  the  ordinary 
earths. 

Embankments  made  of  these  materials  have  stability,  and  read- 
ily yield  to  good  drainage.  Fine  sand,  while  there  is  no  objection 
to  its  use  on  the  above  accounts,  forms,  however,  a  disagreeable 
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material  to  travel  over,  on  account  of  the  clouds  of  dust  that  rise 
in  dry  weather,  the  effect  of  which  is  also  to  injure  the  rolling 
machinery,  as  its  particles  easily  find  their  way  between  the  sliding 
or  rolling  surfaces  of  engines  and  cars. 

The  silt  or  slush  of  swamps  is  often  dredged  from  canals  along 
the  site  of  the  road  and  deposited  on  the  line  for  the  embankments* 
This  is  bad  practice,  both  on  account  of  the  material  being  unfit 
for  the  purpose  and  on  account  of  the  excavation  alongside  of  the 
embankment  destroying  to  a  great  extent  the  only  and  necessary 
support  for  the  material.  This  method  is,  however,  frequently 
adopted.  If  a  firmer  material  cannot  be  conveniently  and  eco- 
nomically secured  and  used  in  the  construction  of  the  embank- 
ment, it  will  doubtless  prove  economical  ultimately  to  first  cross 
the  swamp  on  a  temporary  and  cheap  trestle,  and  filling  under  and 
around  this  at  a  subsequent  period. 

455.  Kules  for  locating  the  line  and  establishing  the  grades  in 
order  to  promote  economy  in  construction,  were  fully  discussed 
in  Part  I  of  this  volume;  and  the  construction  alone,  consisting 
of  the  excavations  or  cuts  and  the  embankments  or  fills,  need  now 
be  explained. 

456.  Excavations  are  either  in  open  cut  or  in  tunnels.  The 
latter  will  be  explained  under  the  head  of  Tunnels.  In  either  case 
it  is  the  rule  to  employ  the  excavated  material  in  making  the  adja- 
cent embankments. 

457.  Open  Cuts. — There  is  no  general  rule  as  to  the  exact 
method  of  carrying  on  the  excavation  and  disposing  of  the 
material  excavated.  The  operation  in  each  case  can  only  be  deter- 
mined by  experience  and  requirements  of  the  contract,  length 
and  depth  of  the  cut,  character  of  the  material,  and  length  of 
haul,  etc. 

Throwing  with  the  shovel  is  limited  to  a  distance  of  12  feet 
horizontally,  or  about  6  feet  vertically. 

The  economical  length  of  haul  with  drag  scrapers  is  about  150 
feet,  wheeled  scrapers  500  feet,  wheelbarrows  not  over  200  feet,  dump- 
carts  about  500  or  600  feet.  When  the  haul  is  to  exceed  600  feet, 
dump-cars  drawn  by  horses,  on  a  track  of  timber  faced  with  strap- 
iron  or  a  light  iron  rail,  can  be  used.  And,  finally,  where  large 
quantities  of  material  are  to  be  excavated  and  hauled  to  a  distance 
of  1000  to  5000  or  more  feet,  a  well-laid  track  of  light  iron  rail,  over 
which  a  train  of  dump-cars  is  hauled  by  a  light  locomotive,  should 
be  built.     Often,  in  this  case,  light  timber  trestles  are  constructed. 
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having  a  height  somewhat  less  or  greater  than  the  height  of  the 
proposed  embankment.  The  material  is  hauled  out  on  this  trestle 
and  damped  under  and  around  it.  The  top  of  the  trestle,  if  it 
projects  above  the  embankment,  is  simply  cut  off  after  the  work 
is  completed.    The  remaining  portion  is  left  in  the  earth. 

458.  Shovelling  can  only  be  used  when  the  embankment  is  to 
be  formed  from  ditches  alongside,  or  when,  in  very  shallow  cuts, 
the  material  is  simply  wasted,  that  is,  thrown  out  of  and  alongside 
the  excavation. 

Barrows  are  used  under  similar  circumstances  where  the  quan- 
tity of  material  needed  requires  excavating  borrow-pits  alongside 
the  embwkment  and  extending  from  50  to  100  feet  on  either 
side  of  the  centre  line,  or  out  of  cuts  of  greater  depth  than  about  (> 
feet.  The  bulk  of  the  material  being  wasted,  that  portion  near 
the  two  ends  can  be  wheeled  onto  the  adjacent  fill  for  a  limited 
distance,  say  100  or  150  feet. 

Scrapers  are  used  for  the  same  purposes  and  under  the  same 
conditions.  Much  higher  embankments  can  be  formed  with  them, 
as  horses  can  drag  them  up  very  steep  inclines  and  descend  readily 
fi*om  considerable  heights. 

For  any  of  the  foregoing  methods  the  material  is  commonly 
loosened  by  means  of  ploughs  drawn  by  two  or  four  horses  or 
oxen.  (Spading  is  only  resorted  to  when  barrows  are  used,  as  a 
rule.) 

469.  When  the  magnitude  of  the  work  justifies  the  use  of  carts 
or  cars,  drawn  by  horses  or  engines,  the  cut  is  usually  entered  at 
each  end  on  or  about  the  grade  surface  of  the  road.  It  is  advisable 
then  to  open  out  at  once  the  full  width  of  the  intended  road-bed, 
providing  as  wide  an  entrance  as  practicable  to  enable  carts  or  cars  to 
easily  pass  each  other,  since  they  should  be  returning  to  and  departiii cj 
from  the  face  of  the  cut  continuously.  In  most  materials  the  prism 
or  gullet  cut  out  will  remain  for  a  time  with  vertical  face  and  sides. 
When  otherwise,  the  necessary  slopes  must  be  excavated  as  tlie 
work  progresses.  In  no  material,  except  solid  rock,  should  tlie 
vertical  faces  remain  for  any  length  of  time;  they  should  be  sloped 
down  well  up  to  the  front  or  head  of  the  excavation,  since  by 
caving  in  they  might  loosen  the  soil  on  either  side  of  the  proper 
slopes,  requiring  the  immediate  or  ultimate  removal  of  more  mate- 
rial than  necessary,  or,  what  is  worse,  obstructing  or  wrecking 
trains  after  the  completion  of  the  road.  The  material  is  usually 
excavated  by  undermining  at  the  face,  and  by  the  aid  of  bars,  or 
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even  of  blasts  with  powder,  detaching  large  blocks  of  the  material, 
which  commonly  break  to  pieces  in  falling. 

Where  the  material  is  suitable,  and  large  deep  excavations  are 
to  be  made,  the  steam-shovel  or  excavator  is  used,  which  scoops  up 
large  bucketfuls  of  the  material.  These  can  be  emptied  direct  into 
cars  or  carts  and  hauled  away  to  the  place  of  deposit.  As  the  work 
advances  the  shovels  are  moved  forward  on  either  a  regular  track 
or  on  movable  rails. 

460.  Many  earthy  materials  are  advantageously  excavated  by 
blasting.  This  has  to  be  resorted  to  in  all  solid-rock  cuts.  These 
are  usually  taken  out  to  the  full  width  at  once,  including  the  slopes, 
which  are  but  slight.  Carts  or  horse-cars  are  used  mainly  in  rock 
cuts.  It  is  usual  to  use  high  explosives  and  large  charges,  in  order 
to  shatter  and  break  up  the  rock  as  much  as  possible. 

461.  All  cuts  should  be  well  drained  to  prevent  the  bottom  get- 
ting soft,  necessitating  the  construction  of  corduroy  or  plank  roads 
at  a  considerable  cost,  or  otherwise  killing  up  the  horses,  and  even 
then  only  getting  a  small  part  of  their  actual  power  in  useful  work. 
Drains  should  be  excavated  and  kept  open  at  the  foot  of  either  slope 
or  along  the  centre  line,  and  in  addition  ditches  should  be  opened 
on  the  surface  of  the  ground  on  the  uphill  side  to  prevent  surface 
water  finding  its  way  into  the  cut.  Too  little  attention  is  paid  to 
this  question  of  drainage  during  the  construction  of  roads,  and  often 
after  their  completion.  ^  Without  it  work  cannot  be  done  economi- 
cally or  expeditiously,  and  no  road-bed  can  be  kept  in  good  order 
without  permanent  drainage. 

Earth  excavation  is  usually  classified  under  the  heads  Earth, 
Hardpan,  Loose  Rock,  or  Solid  Rock.  For  each  of  these  materials 
a  specific  price  is  agreed  upon.  The  standard  prices  under  ordinary 
circumstances  are  16  to  20,  35,  40,  and  80  cents  per  cubic  yard,  in 
the  order  mentioned.  A  special  allowance  is  made  of  from  }  to  1 
cent  per  cubic  yard  for  a  haul  exceeding  from  300  to  500  feet. 

462.  Whether  the  material  from  the  excavation  is  to  be  wasted 
near  the  ends  of  a  cut  or  along  its  sides,  is  simply  a  question  of 
economy,  or  rapidity  of  construction,  or  an  unavoidable  excess 
of  excavation  over  that  of  the  embankment  within  a  reason- 
able distance.  As  a  rule,  the  material  is  better  suited  for  the  for- 
mation of  good  banks,  as  it  can  be  obtained  in  a  drier  condition, 
and  contains  a  much  smaller  percentage  of  surface  mould,  which  is 
objectionable  as  a  material  for  embankments;  this  composes  a 
large  percentage  of  the  total  quantity  when  obtained  from  shallow 
borrow-pits  along  the  line. 
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When  wasted  alongside  of  the  cut,  the  material  should  be  placed 
at  a  distance  from  the  upper  edge  of  the  slopes  equal  to  one  or  one 
and  a  half  times  the  depth  of  the  cut,  in  order  not  to  weight  the 
adjacent  material,  thereby  causing  the  slopes  to  cave  in. 

463.  The  side  slopes  of  a  cut  are  given  in  order  to  provide  sta- 
bility, as  the  material  will  slide  down  until  the  natural  slope  is 
secured.  The  slopes  vary  with  the  material,  but  are  commonly 
taken  at  I  to  1;  that  is,  one  foot  base  for  each  foot  depth.  This 
corresponds  with  an  angle  of  repose  of  45°.  It  is  somewhat 
steeper  than  most  materials  are  found  to  have,  as  seen  in  the  fol- 
lowing table,  which  gives  both  the  slope  and  the  angle  of  repose,  or 
corresponding  angle  of  slope. 


Table  XLIX. 


Material. 


Solid  rock 

Compact  and  bard  earth  orj 
bardpan,  and  loose  rock. . .  | 

Dry  clay 

Gravel. 

SiiiDgle 

Sand,  dry 

"      wet 

Vegetable  mould 

Wet  clay 
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No  slope  in  solid  rock  is  necessary^  but  it  is  better  to  pro- 
vide from  i  to  J  to  1,  to  avoid  danger  of  loose  pieces  falling  down 
on  the  track.  In  those  materials  classed  as  hard  earths,  wliile  they 
may  stand  for  a  time  at  a  steep  slope,  or  even  vertically,  yet  a  slope 
of  from  i  to  },  or  even  1,  to  1  should  be  usually  given.  The  other 
cases  give  average  values  for  angle  of  repose  and  ratio  of  base  to 
rise  in  slopes. 

When  the  material  requires  a  flatter  slope  than  1  to  1  it  can  be 
cut  into  a  series  of  short  slopes  with  benches  or  horizontal  surfaces 
joining  them,  each  slope  having  its  own  drains;  this  saves  mate- 
rial, and  will  be  effective  in  deep  cuts^  if  of  a  uniform  material. 
Often  it  is  left  to  assume  its  own  slope,  simply  removing  the  ma- 
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terial  as  it  falls  or  flows.  Again,  the  caving  in  may  arise  from 
alternate  layers  of  sand  and  gravel  and  clay,  the  sand  and  gravel 
flowing  under  the  action  of  seepage  water,  and  undermining  the 
slopes.  In  such  cases  a  foot- wall  of  dry  rubble  or  a  stronger  wall 
laid  in  mortar  can  be  used  if  the  layer  is  at  the  bottom,  or  the 
entire  slope  may  be  paved  with  a  layer  of  rubble-stone.  By  these 
means  the  water  is  drained  off,  while  the  material  is  held  in  place. 
Sodding  or  sowing  grass-seed  will  ultimately  effect  the  same  purpose. 
Surface  drains  on  the  uphill  side  will  often  keep  away  much  of  the 
seepage  water,  and  much  can  be  accomplished  by  broken  stone,  or 
tile-drains  imbedded  on  or  under  the  slope. 

Good  drains  should  be  provided  and  kept  open  a  little  distance — 
one  or  two  feet — in  front  of  the  foot  of  the  slope.  They  may  be 
open  drains,  or  filled  with  broken  stone,  or  tiles  covered  with  gravel 
may  be  used.  These  will  prevent  the  road-bed  from  being  saturated 
with  water.  The  firmness  and  stability  of  the  track  require  com- 
plete drainage  in  some  of  the  ways  above  described.  Safety  and 
economy  make  the  same  demand. 

464.  It  is  difficult  to  properly  apportion  the  number  of  laborers 
and  vehicles  required  to  execute  the  work  economically  and  expe- 
ditiously. In  hard  clay  it  may  require  two  picks  to  one  shovel,  and 
a  couple  of  carts  will  carry  to  a  reasonable  distance  all  the  material 
that  ten  or  twelve  men  can  handle.  In  loose  materials  one  pick  can 
keep  several  shovels  busy,  and  several  carts  are  required.  Again, 
all  of  these  relations  are  altered  when  a  broad  face  can  be  exposed, 
and  the  material  excavated  in  large  blocks  by  undermining,  blasting, 
or  by  the  use  of  the  steam-shovel.  The  only  rule  is  to  regulate,  in 
each  case  with  its  varying  conditions,  the  number  of  men  and  the 
number  and  kind  of  vehicles  required,  so  that  all  will  be  kept 
busy.  Observation  and  experience  alone  can  be  relied  upon  to 
determine  such  matters. 

465.  Drilling  and  Blasting  in  Rock. — Drilling  is  done  either  by 
two  men  lifting  a  long  iron  rod,  with  a  steel  section  or  made  entirely 
of  steel,  and  then  letting  it  drop  into  the  hole,  tuniing  it  a  little  at 
each  drop.  In  very  hard  rock,  with  holes  from  H  to  3  inches  in 
diameter,  two  men  will  drill  in  a  day  from  7  to  8  feet,  and  in  softer 
rocks  from  10  to  15  feet.  The  other  method  consists  in  using  a 
series  of  drills  of  different  lengths,  depending  on  the  depth  of  the 
hole.  One  man  holds  the  drill,  and  two  keep  up  a  series  of  blows 
in  quick  succession,  the  man  turning  the  drill  slightly  at  each  blow. 
It  is  necessary  to  keep  the   bottom  of  the  hole  well  moistened. 
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When  much  rock  excavation  is  required  the  holes  are  drilled  by 
machinery.  The  diameters  of  the  holes  vary  from  f  inch  to  6 
inches,  and  from  30  to  100  feet  can  be  drilled  in  a  day. 

The  quantity  of  blasting  material  required  to  loosen  a  given 
proportion  of  rock  depends  upon  the  character  of  the  rock,  the 
kind  of  explosive,  and  largely  upon  a  judicious  selection  of  the  di- 
rection of  the  hole  with  respect  to  the  lay  of  the  strata.  It  is  stated 
that  it  bears  a  certain  proportion  to  the  line  of  least  resistance 
cubed.  This  line  is  intended  to  be  the  shortest  distance  from  the 
charge  to  an  exposed  surface  of  the  rock.  Mr.  Byrne  gives  the 
following  expression:  E  =  CUyin  which  E  is  the  quantity  of  ex- 
plosive in  pounds,  L  =  the  line  of  least  resistance,  and  C  a  con- 
stant having  the  following  values :  for  blasting-powder  C  =  0.032, 
for  blasting  cotton  C  =  0.005,  and  for  nitroglycerine  or  dynamite 
(7=  0  003.  Practically  about  three  fourths  of  a  pound  of  powder 
will  Joosen  one  cubic  yard  of  solid  rock.  A  pound  of  powder  occu- 
pies about  30  cubic  inches.  It  is  fired  usually  by  a  fuse  burning  at 
the  rate  of  two  feet  per  minute.  Either  a  fuse  or  a  current  of 
electricity  is  used  to  explode  dynamite. 

Although  it  is  not  desirable  and  not  as  effective  to  produce  a 
too  great  shattering  and  scattering  of  the  broken  rock,  little  atten- 
tion is  paid  to  this  point  in  ordinary  blasting  operations.  But 
in  blasting  near  buildings  or  in  the  streets  of  cities  special  precau- 
tions must  be  taken  to  avoid  projecting  the  fragments  of  rock  to 
great  distances.  This  can  be  done  by  properly  regulating  the  charge, 
and  covering  over  and  around  the  holes  with  brush  and  logs.  A  raft 
of  logs  chained  together,  or  a  matting  of  ropes  weighted  with  logs 
around  the  edges,  wiU  prove  effective  for  this  purpose. 

466.  The  stability  of  earthwork  depends  upon  the  adhesion  and 
friction  between  its  particles.  The  adhesive  force  is  destroyed  by 
exposure  to  air  and  moisture,  and  cannot  be  relied  upon  to  give 
permanent  stability,  though  of  great  advantage  in  maintaining  the 
sides  of  an  excavation  vertical  or  with  a  steep  slope.  Friction  can 
then  be  the  only  means  of  giving  stability.  The  material  will  cave 
or  slide  until  the  natural  slope  is  attained,  unless  excavated  in  the 
beginning  to  it.    These  slopes  have  been  given  in  Table  XLIX. 

467.  Embankments.  —  If  embankments  are  made  from  side 
ditches  or  adjacent  borrow -pits,  the  material  is  either  shovelled 
or  carried,  in  wheelbarrows  or  scrapers  from  the  pit  on  to  the  fill. 
In  such  cases  no  special  method  is  followed :  the  material  is  simply 
piled  in  any  convenient  shape,  and  subsequently  dressed  off  on  top 
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and  sides  to  the  proper  slope.  It  is  difficult  to  avoid  this  when 
wheelbarrows  are  used,  as  it  would  require  a  prohibitive  frequency 
in  moving  the  track,  consisting  of  planks  resting  on  light  timber 
supports.  In  the  flat  prairie  sections  of  the  country  much  of  the 
work  is  done  in  this  way.  It  does  not  conduce  to  the  formation  of 
the  best  embankment  for  early  use,  as  it  is  only  piled  up  loosely  and 
readily  admits  water,  which  in  some  materials  remains  for  a  long  time 
in  the  All,  causing  a  want  of  firmness  and  stability  in  the  embank- 
ment until,  by  a  natural  and  slow  process,  it  is  ultimately  com- 
pacted. For  this  reason  a  liberal  addition  to  the  height  is  given 
to  allow  for  the  settlement  that  will  occur.  This  settlement  or 
shrinkage  varies  greatly  with  the  material  and  its  condition  at  the 
time  of  making  the  fill. 

468.  It  is  estimated  that  any  material,  except  rock,  will,  when 
placed  in  a  bank,  occupy  less  space  than  in  the  pit  from  which  it  is 
taken.  This  shrinkage  has  the  following  approximate  values  for 
the  different  materials: 

Table  L. 

Gravel 8  per  cent. 

Gravel  and  sand 9   "      " 

Clay  and  ordinary  earths 10   "      " 

Loam  and  light  sandy  soils 12    "       " 

Loose  vegetable  soil 15    "      '* 

Puddled  clay 25    "      « 

Rock  makes  a  larger  volume  when  broken  up,  and  does  not 
shrink  or  settle  into  less  than  its  original  bulk.  The  increase  is 
often  as  much  as  50  per  cent. 

On  this  basis  an  excavation  of  1000  cubic  yards  would  make  only 
about  900  cubic  yards  of  embankment  if  the  material  is  clay  or 
ordinary  earth,  or  it  would  require  1100  cubic  yards  in  excavation 
to  make  1000  cubic  yards  in  embankment,  and  a  similar  proportion 
for  other  materials.  A  rock  excavation  of  1000  cubic  yards  will 
make  about  1500  or  more  cubic  yards  in  embankment.  It  must, 
however,  be  recollected  that  this  excess  is  consumed  in  making  the 
embankments  from  8  to  12  per  cent  higher  than  required  ulti- 
mately, and,  further,  that  whereas  the  slopes  in  e5ccavation  are  1 
horizontal  to  1  vertical,  they  usually  have  in  embankments  1^^  to  1, 
or  even  2  to  1;  so  that  the  rule  given,  of  making  the  excavation 
and  embankments  equal  or  nearly  so,  holds  in  practice. 
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469.  In  scraper-work,  which  is  largely  used,  whether  hauling 
material  from:  the  borrow-pits  or  regular  excavations,  there  is  too 
much  carelessness  in  the  manner  of  making  fills,  these  being  long, 
narrow  ridges,  not  wide  %^iough  either  at  base  or  at  top.  The 
material  is  compacted  by  the  constant  tramping  of  horses  and  men 
and  scrapers;  the  desired  width  and  slopes  are  then  made  by  piling 
on  the  sides  dirt  in  a  loose  state,  which  settles  and  slides  away  from 
the  compacted  core,  giving  an  unsatisfactory  if  not  dangerous  road- 
bed, besides  adding  to  the  subsequent  cost  of  surfacing  and  levelling. 
The  same  remarks  apply  to  cart  and  train  work.  The  remedy  is 
simple,  and  should  be  enforced.  In  all  such  cases  the  embankments 
should  be  commenced  with  the  proper  widths  of  base  and  main- 
tained with  them  to  the  top.  The  successive  layers  should  present 
a  concave,  and  not  convex,  upper  surface  at  all  times,  so  that  the 
entire  mass  may  have  the  same  degree,  approximately,  of  settling 
and  compacting  as  the  work  progresses.  This  is  especially  impor- 
tant in  high  embankments.  Constructed  in  this  manner,  little  extra 
height  is  necessary  for  shrinkage.  When  earth  is  carted  from  exca- 
vations it  is  usually  the  practice  to  make  the  embankment  with 
nearly  its  full  height  in  one  thick  layer,  all  of  the  material  being 
dumped  at  the  end  of  the  bank.  This  does  not  alter  the  force  of 
the  above  remarks  as  to  maintaining  the  fill  its  full  width.  No  ma- 
terial should  be  dumped  on  the  sides  in  order  to  widen  a  too  narrow 
bank.  If  anything,  the  width  should  be  a  little  greater  than  ulti- 
mately required,  so  that  the  slopes  may  be  formed  by  a  little  trim- 
ming off  rather  than  filling  up.  As  to  what  percentage  of  shrink- 
age should  be  allowed  for  in  these  cases  is  a  matter  of  judgment, 
controlled  by  the  time  taken  to  make  the  bank  and  the  manner  in 
which  it  has  been  made.  Probably  one  half  of  the  allowances 
above  given  would  be  ample. 

470.  In  all  cases  it  is  necessary  to  have  ditches  on  one  or  both 
sides  of  the  banks  at  a  distance,  called  the  berm,  of  from  3  to  6  feet 
from  the  foot  of  the  slopes. 

This  berm  is  regulated  by  the  slopes  of  the  banks  and  the 
depths  of  the  ditches.  The  prolongation  of  the  side  slopes  of  the 
banks  should  pass  under  the  bottom  of  the  ditch ;  otherwise  the 
weight  would  cause  caving  and  filling  up  of  the  ditch.  The 
ditches  are  required  to  drain  and  keep  dry  the  base  of  the  bank. 
They  are  gi*aded  from  opposite  direction  to  the  usual  ditches  or 
streams  crossing  the  line  of  road.  These  are  carried  through  the 
embankments  by  open  trestles,  open  or  closed  box  culverts  of  tim- 
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ber  or  masonry,  and  when  of  large  size  masonry  arches  are  con- 
structed where  the  heights  of  the  banks  will  admit  of  their  use. 

471.  Embankments  on  swampy  material  which  can  be  drained 
present  no  special  diflSculties;  but  in  other  cases  a  broad  base  must 
be  *formed  by  brush,  logs,  or  broken  stone;  or  the  material  can  be 
simply  piled  on  until  appreciable  settling  ceases.  These  conditions 
and  methods  have  been  fully  discussed  in  the  preceding  article  on 
foundations. 

472.  Earthwork  is  often  carried  on  steep  hillsides,  and  is  com- 
monly composed  partly  of  excavation  and  partly  of  embankment. 
In  such  caseQ^the  excavated  material  is  simply  ca«t  or  wheeled  from 
one  side  to  the  other. 

Should  the  materijil  extend  long  distances  down  the  side  of  the 
hill,  if  the  natural  slope  of  the  gi'ound  is  very  steep  it  may  be  nec- 
essary to  cut  it  in  a  series  of  steps.  These  steps  make  au  angle 
with  the  slope  of  the  embankment  varying  from  90°  at  the  bottom 
to  zero,  or  a  level,  at  the  top.  Such  precautions  are  seldom  taken 
to  hold  the  material.  When  such  methods  are  necessary,  it  will 
commonly  be  found  advisable  and  economical  to  build  a  wall  to 
hold  the  embankment.  This  may  be  dry  rubble,  or  built  w^ith 
mortar.  It  may  only  be  necessary  to  build  a  low  foot-wall,  or 
it  may  be  advisable,  if  material  for  the  bank  is  scarce,  to  build  a 
wall  extending  to  the  grade  of  the  road.  If  this  is  constructed  for 
a  higliway,  a  parapet  wall  or  an  iron  or  timber  fence  or  railing 
should  be  built  to  prevent  vehicles  from  falling  over  the  wall. 

In  Fig.  206  is  shown  an  ordinary  embankment  with  side 
ditches,*  in  Fig.  207  an  excavation  with  side  ditches,  surface  drains, 
and  broken-stone  drains  in  the  side  slopes.  Fig.  208  shows  a  side- 
hill  cut,  with  its  embankment  portion  supported  by  a  foot-wall  as 
shown  in  full  lines,  or  by  a  high  wall  as  shown  by  dotted  lines. 
Either  may  be  used. 

In  Fig.  206  the  top  and  bottom  widths  are  given  for  a  single- 
track  railway.  This  allows  6  or  7  feet  from  the  centre  of  the  track 
to  the  edge  of  the  slopes  at  A  A,  usually  7  feet.  For  a  double  track, 
since  tracks  are  rarely  less  than  14  feet  centres,  to  allow  good  clear- 
ance between  the  cars  in  passing,  the  top  width  should  be  about  26 
to  28  feet. 

The  bottom  width  should  be  increased  by  the  same  amount. 

In  Fig.  207  the  road-bed  AA  is  rarely  less  than  18  feet,  except 
in  a  rock  cut,  where  it  may  be  reduced  to  16  feet.  These  widths 
aro  required  to  allow  for  side  ditches.     With  18  feet  for  road-bed. 
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and  a  depth  of  10  feet,  with  side  slopes  1  to  1,  the  top  width  is  38 
feet  for  single  track.  For  double  track  the  bottom  width  is  from 
30  to  32  feet,  and  the  top  increased  by  the  same  amount. 
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AA,  Road-bed. 

AB,  Retaining-wall  for  fill. 
CB,  Foot-wall. 
EF,  Slope  of  ground. 

Excavation  aitd  Embankment  on  Side  Hill. 


AG,  Slope  of  bank  \\  to  1. 
AQ\  Slope  of  cut  1  to  1. 
EKL,  Tile  draius. 


In  Fig.  208  it  is  as  well  to  give  the  same  widths  as  in  Pig.  207. 
If  practicable,  the  line  should  be  laid  so  that  the  track  may  rest  on 
the  excavated  bed,  and  not  partly  on  the  loose  embankment. 

The  side  slopes,  berms,  and  ditches  are  the  same  for  single  and 
doable  tracks.     These  are  also  the  same  for  railways  and  highways. 
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The  top  widths,  or  rather  the  road-bed  in  embankments  or  exca- 
vations, may  vary  for  highways  from  the  above  dimensions  to  30  or 
50  feet. 

473.  Haul. — Mention  has  been  made  several  times  about  extra 
haul.  This  simply  means  that  when  the  excavation  is  carried  to  a 
certain  specified  distance,  say  from  300  to  500  feet,  the  contract 
price  for  the  material — if  earth,  from  16  to  20  cents  per  cubic  yard — 
is  all  that  the  contractor  receives.  If,  however,  any  of  the  material 
is  carried  to  a  greater  distance,  he  receives  an  extra  compensation  of 
from  f  to  1  cent  per  cubic  yard  for  each  100  feet  or  fraction 
thereof  above  the  free-h^ul  distance.  It  is  then  important  to  have 
it  understood  iu  what  manner  this  amount  is  to  be  calculated.  A 
failure  to  do  this  often  leads  to  trouble. 

There  are  two  methods  of  estimating  the  extra  haul.  First, 
For  the  actual  distance  hauled  of  each  cubic  yard  over,  say,  500 
feet  is  paid  the  extra  one  cent.  As  this  would  be  a  practically  im- 
possible computation,  the  following  approximation  is  agreed  upou : 
In  Fig.  208a  AEB  represents  the  surface  of  the  ground,  DEF  the 
grade-line.  E  is  called  the  grade-point.  The  positions  of  the  two 
lines  CD  and  OH  are  ascertained  by  trial,  or  from  approximate  for- 
mulas which  are  given  in  all  field-books  for  engineers,  such  that 
while  the  distance  DG  is  equal  to  the  free  haul,  the  number  of  cubic 
yards  in  the  excavated  volume  Ci)^  shall  be  equal  to  the  filled  volume 
EGH.  For  this  much  material  no  extra  allowance  is  given.  Then, 
if  the  excavated  volume  ACDK  makes  the  filled  volume  OLBH, 
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the  proper  allowance  for  shrinkage  being  made  in  both  cases,  find 
the  centres  of  gravity  g  and  g'  of  these  volumes  and  the  horizontal 
distance  xg'  between  them,  and  the  extra  haul  on  the  entire  volume 
ACDKyNiW  be  xg'  -DO,  If  the  free  haul  DO  is  500  feet  and 
xg'  =  1100  feet,  then  the  extra  haul  on  the  volume  ACDK zn  5000 
cubic  yards  would  be  1100  —  500  =  600  feet;  and  at  one  cent  per 
100  feet,  or  a  total  of  six  cents  per  yard,  the  whole  mass  would  cost 
5000  X  .06  =  4S300. 
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The  second  method  is  commonly  known  as  the  average  haul. 
Find  the  centres  of  gravity  of  the  entire  masses  of  excavation 
AOUDK ttnd  LOEHB,  say  c  and  c\  If  this  distance  is  under  the 
limit  of  free  haul,  then  no  extra  allowance  for  any  portion  of  the 
excavation  is  made.  If,  however,  it  is  over  the  limit,  say  800  feet, 
then  the  entire  number  of  yards  will  be  paid  extra  for  a  distance 
300  feet,  or  three  cents  on  each  yard.  The  first  method  is  prob* 
ably  the  better  of  the  two.  The  second  method  is  carried  to  the 
extent  sometimes  of  averaging  against  one  cut  in  which  there 
is  some  extra  haul  other  cuts  in  which  all  of  the  material  is 
hauled  a  less  distance  than  the  limit  of  free  haul.  This  is  unjust  to 
the  contractor,  and  no  estimate  of  haul  should  be  made  on  such 
cuts.  But  the  company  is  entitled  to  the  deduction  of  the  free- 
haul  distance  for  every  yard  carried  over  it,  as  clearly  indicated  in 
the  first  method  described. 


GENERAL  DUTIES   OF   RESIDENT  ENGINEERS. 

474.  Resident  engineers,  on  assuming  the  charge  of  an  assigned 
portion  of  any  line  of  road,  should  as  soon  as  practicable  retrace  tlie 
line,  replacing  missing  stakes,  checking  and  correcting  small  errors 
in  alignment,  and  running  in  the  curves  with  more  accuracy  than 
is  usually  practicable  by  the  locating  engineers.  This  may  require 
a  slight  change  in  the  P.  C.  and  P.  T.  of  curves,  or  some  change  in 
the  degree  of  curvature,  not  exceeding  the  maximum  allowed.  He 
should  also  run  the  levels,  thereby  detecting  any  errors  in  the  work 
or  in  the  notes  given  him.  The  lines  of  neighboring  engineers 
should  be  carefully  connected  by  proper  adjustment  of  errors,  if 
any  are  found.  He  should  establish  accurate  bench-marks  at  all 
streams  requiring  bridges,  culverts,  or  trestles,  and  should  carry  out 
strictly  and  faithfully  all  instructions  from  his  superiors.  He  may 
suggest  material  changes  in  alignment  and  grades,  whereby  they 
may  reduce  expenses  and  make  improvements.  He  should  then 
proceed  to  stake  out  the  work,  or  set  slope-stakes,  by  which  the 
workmen  are  to  be  guided,  marking  on  the  stakes  in  red  chalk  the 
cats  and  fills.  The  +  aiid  —  signs  are  sometimes  used,  but  it  is 
better  to  use  P.  10  feet  or  C.  15  feet  to  indicate  a  fill  or  a  cut,  and 
its  depth  at  that  cross-section. 

The  records  thus  obtained  are  also  necessary  in  Qalculating  the 
areas  of  the  cross-sections  and  the  prismoids  or  volumes  of  earth  be- 
tween them.    Duplicate  copies  of  such  records  should  be  made.    All 
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transit-points  marking  the  P.  O/s  and  the  P.  T.'s  should  be  refer- 
enced^ as  these  will  be  either  cut  out  or  filled  over  during  the 
progress  of  the  work.  The  referencing  is  done  by  selecting  two 
points  at  some  distance  from  the  centre  line,  and^  in  positions  that 
are  not  likely  to  be  disturbed  in  any  way,  driving  large  hubs  flush 
with  the  ground,  in  the  tops  of  which  tacks  are  placed.  Setting 
his  transit  over  these  points  in  succession,  he  lines  in  two  other 
points  on  lines  intersecting  at  the  transit-point  to  be  referenced. 
These  lines  should  make  as  nearly  90""  with  each  other  as  practi- 
cable. By  means  of  these  points  new  points  can  be  located  ou  the 
road-bed  in  the  same  vertical  line  with  the  original  points  of  curve. 
Other  points  can  be  referenced  in  the  same  way.  He  also  lays  out 
abutments,  culverts,  and  trestles  where  required.  His  other  and 
general  duties  involve  the  inspection  of  all  works  on  his  residency, 
and  he  sees  that  the  work  is  performed  properly  and  in  accord- 
ance with  the  specifications  and  contract.  Necessary  points  and 
levels  are  given  as  the  work  progresses,  and,  finally,  as  parts  of  the 
work  are  completed  he  sets  grade-stakes.  These  are  stakes  driven 
in  the  tops  of  the  embankments  and  the  bottoms  of  excavations  at 
distances  from  the  centre  line  equal  to  the  half  width  of  the  road- 
bed, and  driven  until  their  tops  are  even  with  the  grade-line  at 
those  points,  or  in  cuts  at  the  height  of  a  few  inches  above  the 
proper  grades,  or  leather  subgrades.  Upon  these  subgrades  the 
ballast  and  ties  are  placed,  the  top  of  which  are  the  grades  proper. 
These  are  from  10  to  12  inches  above  the  subgrades.  The  profile 
grade  generally  means  the  subgrade.  In  rock  cuts  the  bottom  is 
made  somewhat  lower  in  order  to  allow  for  a  filling  of  broken  stone 
or  gravel,  in  order  to  keep  the  ties  from  resting  directly  upon  a 
solid  and  rigid  surface.  Until  the  railway  can  be  fenced  in  care 
must  be  taken  that  the  fences  are  not  left  down,  by  which  property 
owners  may  be  greatly  damaged. 

The  reasonable  rights  of  property  owners  should  be  carefully 
protected,  and  even  the  unreasonable  claims  and  requests  should 
be  granted  where  no  special  expense  or  hindrance  to  the  work 
accrues;  and  under  all  circumstances  engineers  should  be  courteous 
and  considerate. 


CROSS-SECTIONING  AND   CALCULATION  OF  VOLUMES. 

476.  CroHS'Section  Work  or  Sett  in  g  Slope-stakes, — It  is  not  the 
author's  intention  to  enter  exhaustively  into  the  methods  and 
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detaDs  of  staking  ont  work  and  calculating  the  quantities  of  earth- 
work. A  few  only  of  the  general  principles  and  formulae  will  be 
given.     There  are  three  principal  conditions: 

(1)  When  the  surface  of  the  ground  is  horizontal  or  level  across 
the  line. 

(2)  When  the  surface  of  the  ground  is  inclined  to  the  horizon 
across  the  line.  In  this  case  the  work  may  be  all  in  excavation,  all 
in  embankment,  or  partly  in  both. 

(3)  When  there  is  nonuniform  surface  or  slope  of  the  ground, 
but  it  is  broken  by  a  series  of  depressions  and  rises,  forming  an 
irregular  surface.  The  general  lay  of  the  ground  may  be  horizon- 
tal or  inclined. 

In  any  case,  so  far  as  the  positions  of  the  slope-stakes  are  con- 
cerned, the  entire  problem  resolves  itself  into  finding  points  on  the 
ground  at  such  a  horizontal  distance  from  the  centre  line  of  the 
road  that,  commencing  a  fill  or  a  cut  at  these  points  and  maintain- 
ing its  side  surfaces  at  the  proper  slopes,  the  top  or  bottom  of  these 
slopes,  where  they  intersect  the  road-bed,  will  be  at  a  distance  equal 
to  one  half  the  width  of  the  road  from  the  centre  line — in  other 
words,  the  points  6G'  in  Figs.  20G-208. 

Where  the  ground  is  level  no  difficulty  arises.  In  Fig.  206  it  is 
only  necessary  to  lay  off  one  half  width  of  road-bed  OM  or  OX  on 
either  side  of  the  centre  stake  0,  and  the  fill  at  the  centre  being  the 
same  as  at  iV'  =  AN,  and  the  side  slopes  being  1^  to  1,  MO  =  NG' 
=  H  X  AN ;  in  the  case  taken  NA  =  10  feet,  NG'  =  15  feet,  and 
ON  =  ^  X  14  =  7.  It  is  only  necessary  to  measure  on  each  side 
of  0  distances  of  7  +  15  =  22  feet.  Stakes  may  or  may  not  be 
placed  at  the  points  M  and  N,  Fig.  207  being  in  excavation,  with 
side  slopes  of  1  to  1,  MG  =  NG'  =  AN  =  10  feet,  and  the  dis- 
tances on  either  side  of  0  =  9  +  10  =  19  feet.  Otherwise  there  is 
no  difference  in  the  two  operations. 

476.  If,  however,  the  ground  has  an  inclination  across  the  line, 
it  is  evident  that  the  distances  from  the  centre  to  the  side  stakes 
would  be  unequal,  as  seen  in  Figs.  209  and  210.  The  slope  of  the 
ground  being  uniform,  the  horizontal  distances,  or  half  widths,  of 
the  road-beds,  0N=  OM,  remain  constant  for  the  same  road,  the 
variable  quantities  being  P'G'  and  PG  in  the  figures,  or  the  hori- 
zontal distances  from  N  and  M  to  ff '  and  ff,  respectively,  which 
are  the  bases  of  the  side  slopes.  It  is  required  to  find  these  quan- 
tities. These  vary  with  the  slope  or  angle,  AGP  =  A'G'P\  and 
height  of  the  fill  or  the  depth  of  the  cut  measured  vertically  from 
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the  points  G  and  O'  to  the  road-bed  AA'y  equal  to  the  vertical  dis- 
tances AP  and  -4'P'.  It  is  evident  from  the  drawing*?  that  the 
road-bed  will  be  too  narrow  if  the  slope-stakes  are  set  nearer  the 
centre  stake  than  G  and  G'^  and  too  wide  if  placed  beyond  G  and 
G\  as  indicated  by  the  dotted  lines  parallel  to  ^&  and  A'G', 


Fig.  209. 


Fio.  210. 


It  is  therefore  important  to  determine  accurately  on  the  ground 
the  positions  of  G  and  G\ 

There  are  two  principal  methods :  (1)  Measure  the  slope  of  the 
ground.  This  can  be  done  either  by  means  of  a  clinometer^  or  by 
determining  with  a  level,  or  two  graduated  straight-edge  bat's,  the 
vertical  rise  in  any  given  number  of  feet  measured  horizontally. 
The  first  gives  the  angle  of  slope  direct,  the  second  the  ratio  of  the 
base  to  the  rise.  The  rise  divided  by  the  base  is  the  tangent,  or 
the  base  divided  by  the  rise  is  the  cotangent,  of  the  angle  of  slope. 
Then 

PGM=zP'G'N-e 


is  the  angle  of  the  slope  of  the  ground. 

-        .      PM      P'N         ,        ^      PG      P'G' 
Tang6^  =  -p^  =  p7^;    ^otang  ^  =  ^p^  =  ^y^. 

AGP  =  A'G'P'  =  0 
Then  from  the  triangles  AGP  and  AG'P^  we  have 

Pff  =  ^P  cotang  0    and    P'ff' =  ^'P' cotang  0. .    (284) 
AP  =  AB  +  BM+  MP=^h  +  b  tang  &  +  GP  tang  (^; 
A'P'  =  A'B'  -  NP'  -  NB'  =  h--b  tang  6  -  ff'P'  tang  6; 

in  which  //  is  the  fill  or  cut  at  the  centre  stake,  and  b  is  the  half 
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width  of  the  road-bed.    Substituting  in  equations  284  these  values, 
there  results 

PG  ==  AP  cotang  0  =  (*  +  6  tang  6  +  GP  tang  ff)  cotang  0; 

P&{1  —  tang  0  cotang  0)  =  (A  +  ft  tang  0)  cotang  0; 

.^^  ^  (^  +  i  tang  g)  cotang  0         ^ 

1  —  tang  0  cotang  0  ^        ' 

If  the  slope  of  the  ground  is  r  to  1,  then  tang  0  =  —,  and  if  the 

side  slope  of  the  cut  is  «  to  1,  then  cotang  0  =  «>  and  equation 
(284a)  becomes 


PG  = 


r 


To  which  if  we  add  b,  the  half  width  of  the  road-bed,  we  find 
the  horizontal  distance  from  the  centre  0  to  the  point  G 


=  j.  =  j  +  (l*±*)!. 


r  —  8 

The  factor  A  -f  -  is  the  fill  AM,  Fig.  209,  or  the  cut  AM,  Pig.  210. 

Equation  (285)  is  the  value  of  PG,  Pig.  209,  and  also  of  PG,  Pig. 
210;  that  is,  the  longer  distance  in  either  cut  or  fill. 

Using  the  second  of  equations  (284),  P'G'  =  A'P'  cotang  0, 
and  substituting  the  value  of  A'P'  above  given,  we  find,  by  a  similar 
process, 

p'^'  =  vhi^^^ ^^^^^ 

This  applies  to  P'  G'  of  Pig.  209,  or  P'  G'  of  Pig.  210.    The  factor 

h 

h is  the  fill  or  cut  at  the  point  N,  in  either  section. 

T 

477.  Assuming  the  depth  of  the  centre  fill.  Pig.  209,  A  =  10 
feet,  the  side  slopes  1^  to  1,  or  «  =  1^,  the  slope  of  the  ground 
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GO^  ss  6  to  ly  or  r  =  5,  and  i  =  7  feet;  then>  from  equations 
(285),  (286), 

PO  =  |Ai|^o  + 1)  =  24.43  feet,    and    b,  =31.43  feet; 
P'(?' =  ~^|(lO  -  I)  =    9.9  feet,      and    6/ =  16.9  feet 

7        57 

The  mi  at  ^  =  10  +  4  =  X  =  ^'^'^  *®®*>  ^^^  ** 

D  0 

7        4S 

^'  =  10  -  4  =  ^  =  S.6  feet. 
5       5 

In  Pig.  110,  with  J  =  9,  the  side  slopes  are  1  to  1,  or  »  =  1. 
With  everything  else  as  above, 

PO  =  l^rfl^  +  I)  ~  ^^''^^  ^^^'    ^^    *»  "  ^^'^^  '^*^ 

F'G'  =  ^^(lO  -  I)  =  6.8  feet,    aiid    J/    =  15.2  feet. 

478.  When  the  ground  surface  intersects  the  road-bed,  as  in  Pig. 

211,  the  principle  involved  is  the 


I 


Fig.  211. 


^r'^rTyy^^  same  as  the  one  just  employed, 
j  ^^/  '     The  resulting  formulae  are  some- 
•''fw  /         what  different.    This  case  is  rep- 
resented in  Pig.  21 1 .   The  distance 

PG  =  -IL.U  +  \ 

r  —  «\        rr 

the  same  as  equation  (285).  But 
for  the  distance  P'G'  on  the  em- 
bankment side 


G'P'  =  A'P'  X  cotang  0; 

A'P'  =  A'N^-  NP'  =  A'C  tang  d  +  G'P'  tang  9\ 

.-.  G'P'  =  {A'C  tang  6  +  G'P'  tang  6)  cotang  <f>. 

g.p,  ^  A^J  e  cotang  0     ^,^=  j  .  ^^  ^ ^^  A  cotang  tf; 

1  —  tang  d  cotang  0  ^ 

p,pp  _h  tang  6  cotang  (f)  --  h  tang  6  cotang  0  cotang  0 
~'  1  —  tang  6  cotaug  0 


ORDINARY  EARTHWORK.  561 


tang  0  =^  —;  cotang  ^  =  r;  cotang  0  =  «. 

bs      ,        bar      . 

hs hsr  , .        . 

0^1^  =  ^:— =j: =  j±.(^-A  .  (287) 

-  __  £  r  — »  r  ^s\r        I  ^ 

r 

h  \&  the  depth  of  the  fill  A'Ny  and  the  distance  CD  of  the 

grade  or  zero  point  from  the  centre  is  CD  =  rh.  These  equations 
are  applied  as  in  the  preceding  examples.  A  stake  should  he 
placed  at  C,  and  marked  zero,  in  order  to  guide  the  workmen. 

479.  The  above  discussions  show  clearly  the  principles  involved. 
But  this  method  is  rarely  employed  except  on  very  steep  hillsides, 
and  then  only  when  the  slope  of  the  ground  is  practically  uniform 
across  the  line. 

(2)  The  usual  method  is  to  find  the  points  G  and  G'  by  trial, 
using  the  level  instrument  and  the  tape.  In  case  of  an  embank- 
ment, Fig.  209,  with  side  slopes  of  1^  to  1,  the  engineer  estimates 
by  the  eye  the  rate  of  slope  of  the  ground.  He  calculates  that  the 
distance  P(?  is  a  certain  number  of  feet.     If  the  centre  fill  is  10 

feet,  the  fill  at  M  =  AMmxiBt  be  10  +  ^  =  11.5  feet,  7  feet  being 

the  half  width  of  the  road-bed  assuming  that  the  slope  is  4.5  to  1. 
If  the  ground  is  level  outwards  from  M  he  would  only  have  to 
measure  11.5  x  1^  =  16.2  feet,  but  in  this  distance  the  ground  has 

fallen  3.6  feet  (^^).  He  should  therefore  measure  out  an  addi- 
tional distance  of  3.6  x  li  =  5.4,  or  a  total  of  21.6;  but  as  the 
ground  would  again  fall  over  a  foot  in  5.4  feet,  he  adds  about  2  feet 
to  the  above,  and  tries  a  distance  of  23.6  feet.  He  then  finds  with 
the  level  and  rod  how  much  this  point  is  below  the  grade-line. 
He  finds  it  to  be  16.1  feet;  16.1  X  H  ==  24.1  feet.  This  is  a  little 
greater  than  23.6  feet.  If  the  ground  was  level  outwards  from 
this  point  it  would  only  be  necessary  to  place  the  stake  at  the  dis- 
tance of  24.1  feet;  but  as  the  ground  is  falling  it  is  necessary  to  go 
a  little  farther,  and  he  tries  the  distance  of  24.5  feet,  and  finding 
the  fill  or  vertical  distance  from  the  grade-line  to  be  16.3  feet,  then 
16.3  X  li  =  24.45  feet.  Therefore  this  is  the  proper  point  for  the 
slope-stake  at  G,  Fig.  209.  Similarly  for  the  stake  G'  on  the  right 
at  the  point  iV,  7  feet  from  the  centre  line,  the  fill  is  found  by  the 
level  to  be  10  —  1.5  =  8.5  feet.     If  the  ground  is  level  outward 
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from  this  point  we  should  measure  out  8.5  x  li  =  12.8  feet,  but 
in  this  distance  the  ground  will  have  risen  about  2.8  feet,  and  the 
fill  at  this  point  would  be  8.5  —  2.8  =  5.7  feet.  We  should  there- 
fore come  into  a  distance  of  5.7  x  li  =  8.5  feet,  but  in  so  doing 
the  fill  would  increase,  and  require  a  somewhat  greater  distance. 
Then  for  a  trial  point  take  10  feet  out,  and  finding  the  fill  at  this 
point  to  be  6.0  feet,  which  would  correspond  to  6.0  x  li  =  9.0  feet, 
move,  then,  to  a  distance  of  9.8,  and  we  would  in  all  probability  find 
the  fill  to  be  6.5  feet.  The  stake  G^  should  be  then  placed  at  this 
latter  distance,  since  6.5  x  H  =  9.75  feet. 

These  results  correspond  with  those  obtained  in  paragraph  477 
from  the  general  formulas,  as  the  estimation  of  the  slope  of  ground 
was  taken  to  be  about  the  same  in  order  to  show  the  agreement 
between  the  two  methods.  In  practice  the  rapidity  of  the  work 
will  depend  upon  the  accuracy  with  which  the  slope  of  the  ground 
is  estimated. 

When  the  work  is  in  excavation  the  trial  method  just  described 
is  similarly  applied,  the  difference  consisting  only  in  the  greater 
width  of  road-bed  and  in  the  slopes  being  1  to  1  instead  of  1^  to  1, 
the  determined  cut  at  any  point  is  multiplied  by  1  instead  of  li; 
or,  in  other  words,  the  depth  of  the  cut  is  equal  to  the  horizontal 
distance  required  from  the  points  JIf  and  N,  Fig.  210. 

The  principle  is  still  the  same  if  ground  surface  intersects  the 
road-bed,  as  in  Fig.  211.  The  point  C  is  determined  by  finding  the 
point  on  the  ground  which  has  the  same  elevation  as  the  surface 
of  the  road-bed. 

.  A  little  practice  will  enable  the  engineer  to  estimate  with  con- 
siderable accuracy  the  slope  of  the  ground,  and  except  on  very 
rough  or  irregular  ground  the  slope-stake  can  be  readily  placed  at 
the  second  trial.  Extreme  accuracy  is  not  required.  The  fill  or 
cut  to  the  nearest  tenth  of  a  foot,  and  the  corresponding  distance 
to  two  or  three  tenths  of  a  foot,  are  considered  good  results.  The 
notes  should,  however,  have  the  proper  distances  recorded  in  them. 
The  writer's  practice  has  been,  when  a  point  was  determined  within 
two  or  three  tenths  of  a  foot  of  the  proper  distance,  to  place  the 
stake  at  the  proper  distance,  as  the  rise  or  fall  of  the  gronnd  is 
usually  inappreciable  in  small  distance  of  this  amount.  This 
would  be  proper  if  the  first  trial  placed  the  stake  in  a  foot  or  two 
of  its  proper  position,  if  for  this  distance  the  ground  is  practically 
level. 

It  is  needless  to  say  that  all  such  cross-sections  should  be  placed 
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at  right  angles  to  the  centre  line,  whether  on  a  tangent  or  on  a 
curve^  the  slope-stakes  and  the  centre  one  being  in  the  same  straight 
line.  The  direction  is  determined  by  the  eye,  and  with  a  little  care 
can  be  accurately  aligned. 

480.  The  form  of  cross-section  notes  by  the  trial  method,  para- 
graph 479,  is  as  follows.    For  embankment: 


Station 
50 


Left.      Fill. 
16.8        11.5 


31.5 

or 

24.5 


Right.   Pill. 

m^      ck5 

10  7  9.8 

or 
16.8 


The  centre  column  gives  the  fill  at  the  centre  stake;  the  fraction 
on  either  side  and  adjacent  to  the  centre  column  gives  the  fill  at 
the  point  if.  Pig.  209,  =  11.5  feet,  placed  in  the  numerator,  and  the 
half  width  of  the  road-bed,  =  7  feet,  in  the  denominator.  The  out- 
side fraction  on  the  left  gives  the  fill  16.3  feet  at  the  point  G,  and 
the  horizontal  distance  from  the  centre  stake  =  24.5  +  7  =  31.5, 
or  sometimes  only  the  distance  PO  =  24.5  feet  is  given  in  the 
denominator.  On  the  right  the  outside  fraction  is  a  fill  of  6.5 
feet  at  G%  and  either  the  horizontal  distance  from  the  centre  0  or 
the  distance  from  JV=  P'G\  For  an  excavation  the  letter  C  is 
used  for  F,  or  the  letters  C  and  F  are  omitted  and  the  signs  +  and 
—  used. 

These  notes  are  kept  in  a, special  field-book  called  the  cross- 
section  book.  Field -notec  should  be  kept  as  neatly  as  practicable, 
but  a  duplicate  copy  neatly  written  should  always  be  kept  in  the 
office.  The  field-book  should  not  be  defaced  by  the  necessary  cal- 
culations required  in  determining  the  position  of  the  slope-stakes. 
This  figuring  should  be  done  on  an  ^if  piece  of  paper,  which  can 
be  thrown  away,  as  only  the  final  results  are  required.  In  many 
cases  the  necessary  calculations  can  be  made  mentally. 

481.  Such  cross-sections  are  usually  only  required  at  every 
regular  station,  the  stations  being  100  feet  apart,  as  it  will  be 
found  that  the  ground  for  a  distance  of  100  feet  will  have  a  slope 
practically  uniform.  If,  however,  such  is  not  the  case,  cross-sections 
must  be  taken  at  80,  60,  50,  or  any  number  of  feet  apart  between 
which  the  longitudinal  slope  of  the  ground  can  be  considered  as 
uniform.  Frequently  on  very  rough  ground  they  have  to  be  10 
or  even  only  5  feet  apart.  All  such  matters  are  necessarily  left 
to  the  judgment  of  the  resident  engineer. 

Cross-sections  must  also  be  taken  on  both  sides  of  all  ditches  or 
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A 

Fio.  212. 


streams  requiring  culverts,  arches,  or  trestles,  and  the  distances 
apart  of  such  sections  carefully  noted. 

482.  Frequently  a  line  is  located  where,  instead  of  having  a 
slope  across  the  line  falling  or  rising  in  one  direction,  it  may 
rise  or  fall  away  on  both  sides  of  the  line^  the  centre  cut  or  fill 
being  either  greater  or  less  than  those  at  the  slope-stakes  on  both 
sides.  The  principle  of  setting  the  slope-stakes  is  not,  however, 
altered. 

Often  the  ground  is  irregular  across  the  line,  as  indicated  in 

Pig.  212  for  an  excavation,  or,  if 
turned  upside  down,  for  an  embank- 
ment. The  positions  of  the  slope- 
stakes  are  still  determined  by  trial 
identically  as  already  described. 
But  evidently,  as  the  object  of 
cross-section  work  is  not  only  to 
guide  the  workmen,  but  also  to 
enable  the  engineer  to  calculate  the  area  of  the  cross-section,  it 
becomes  necessary  to  take  a  number  of  intermediate  cuts  or  fills  at 
every  material  change  in  the  slope  of  the  ground. 

At  each  of  the  points  indicated  in  the  sketch  by  dotted  lines 
the  depth  of  the  cutting  or  height  of  filling  must  be  determined 
and  recorded  in  the  notes,  with  its  distance  from  the  centre  line  in 
the  form  of  a  fraction,  as  already  indicated. 

CALCULATION   OF   AREAS. 

483.  In  Fig.  213  the  area  required  is  GAA'Q'O.  This  is 
made  up  of  a  trapezoid,  MAA'NMy 

and  two  triangles,  MAG  and  NA'G', 
and  this  is  true  in  nearly  all  cases. 
The  figure  can  be  divided  into  a  series 
of  trapezoids  and  triangles,  the  alge- 
braic sum  of  which  will  give  the  re- 
quired area.  The  algebraic  sum  is 
specified,  as  it  often  simplifies  the 
calculation  to  embrace  outside  triangles,  such  as  AGC  and  A'G'Df 
and  then  to  deduct  their  areas.  Upon  such  combinations  of  simple 
geometrical  figures  all  formulas  are  based.  There  are  for  all  figures 
a  number  of  such  combinations,  some  one  of  which  reduces  the 
labor  of  calculation  to  a  miuiniuui.     It  will  only  be  necessary  here 


Fig.  213. 


I 
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to  indicate  the  processes^  and  not  to  undertake  to  give  examples 
of  all  possible  condition»  and  forms. 

In  Fig.  213  it  is  evident  that  we  can  add  together  MAA'N 
+  QUA  +  0'NA\  or  EFCQ  +  EFDQ'  -  {AGO -{- A'G'D)  or 
GAA'H+  G'GH.  In  either  case  sufficient  data  is  known  to  deter- 
mine any  of  these  partial  areas.  As  we  know  the  verticals  EF, 
GCy  and  G'D,  and  the  horizontal  distances  CAy  AF,  A'Fy  and  A'D 
which  give  direct  the  data  for  calculating  any  of  the  above  areas 
except  GAA'H  and  GG'H.  For  these  we  require  to  know  GH 
and  GZ;  GH  =  CA'  +  KH-  C7^'+  C^,and  G'L  =  G'D-  GC. 
Then  by  applying  the  simple  rules  for  determining  the  areas  of 
triangles  and  trapezoids  the  required  area  is  readily  determined. 
This  can  be  expressed  in  general  formulsB,  but  they  are  seldom 
used,  though  much  labor  may  be  saved  by  using  them. 

In  Fig.  212  it  is  only  necessary  to  add  together  all  of  the  small 
trapezoids  into  which  the  figure  is  divided  and  then  subtract  the 
outside  end  triangles  A  GC  and  A'G'D,  Or,  for  approximate  pur- 
pose, a  thread  can  be  stretched  from  ff,  G\  respectively  to  a  centre 
or  some  intermediate  point,  in  such  manner  as  to  equalize  the  ir- 
regularities of  the  surface,  giving  and  taking,  thereby  forming 
regular  figures,  as  indicated  by  the  dotted  lines  GBy  G*B\  and 
BB\ 

484.  Having  found  the  area  of  a  cross-section  by  any  of  the 
above  methods,  it  is  often  desirable  to  find  the  proper  depth  of  a 
cross-section  on  level  ground  having  an  equal  area  with  the  actual 
section  given.  It  is  evident  from  Fig.  213  that  the  level  cross- 
section  GAA'HG  is  ^composed  of  the  rectangle  AK'KA'  and  the 
two  equal  triangles  AGK'  and  KHA'.  The  rectangle  is  equal 
AA'  X  FO  =  wh,  and  each  of  the  triangles  is  equal  \K^G  X  K'A 
=  ^s .  K'A  X  K'A  =  ^sli^y  in  which  8  is  the  slope  ratio;  i.e., 

GK ' 
8  =  -^rj  =  1  to  1    or    1^  to  1, 

or  any  other  ratio.  Hence  for  the  two  triangles  the  sum  of  their 
areas  =  sV,  and  for  the  entire  area  GAA'H  =^  A  =  wh  -^  sh*. 
Hence 


».  +  !?A  =  i    and    A=-^±./i+^,  . 
«  «  2^       V   *        45 


(288) 


which  is  the  depth  of  the  equivalent  level  section.     If,  then,  the 
actual  area  has  been  found  for  any  of  the  previous  cross-sections 
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given,  substitute  it  for  A;  giving  w,  the  width  of  the  road-bed,  its 
proper  value,  usually  14  feet  for  embankment,  and  «  =  1  J,  or  for 
excavation  w  =  18  feet,  s  =  1,  and  we  find  the  depth  which  must 
be  used  with  the  common  earthwork  tables.  If  other  widths  and 
other  slopes  have  been  used  in  calculating  the  tables,  these  values 
must  be  given  to  w  and  s. 

Sometimes  the  depth  of  the  equivalent  level  section  is  obtained 
by  simply  averaging  the  centre  and  the  two  side  depths,  i.e.,  add- 
ing their  sum  and  dividing  by  three,  or  adding  the  centre  and 
left,  the  centre  and  right,  cut,  or  fill,  dividing  each  by  two,  then 
adding  these  quotients  and  dividing  by  two  for  the  equivalent  level 
section.  Such  methods  save  labor,  and  give  approximately  correct 
results,  but  are  hardly  justifiable  for  the  final  estimates.  The 
above  equation,  (288),  should  be  used. 

CALCULATION   OF  VOLUMES. 

486.  Earthwork  is  usually  estimated  in  cubic  yards.  The  di- 
mensions are  given  in  feet,  which  give  the  volume  in  cubic  feet, 
which  divided  by  27  gives  the  quantity  in  cubic  yards. 

The  two  more  common  methods  of  calculating  volumes  are  (1) 
by  the  prismoidal  formula  and  (2)  by  averaging  end  areas. 

The  second  is  the  simplest,  but  gives  results  in  excess  of  the 
actual  quantities.  The  first  gives  accurate  results,  but  requires 
more  labor,  and,  except  in  special  cases,  is  rarely  used.  A  modifi- 
cation, however,  of  the  prismoidal  formula  is  often  used. 

486.  Prismoidal  Formula, — By  means  of  this  formula  the 
content  or  volume  of  a  prismoid  can  be  exactly  calculated.  If 
V  =  volume  in  cubic  yards,  I  =  length  of  the  prismoid  in  feet,  A 
and  A'  the  areas  of  the  end  sections,  and  M=  the  area  midway  be- 
tween the  end  sections,  all  three  of  which  are  parallel,  then 

Then  in  Fig.  214  A  =  area  BFBDC;  A'  =  0PQR8,  in  which  the 
dimensions  are  known  from  the  cross-section  notes;  M=  area 
GHlKLNy  in  which  the  dimensions  are  to  be  calculated  from  the 
corresponding  dimensions  of  the  sections  A  and  A'  by  taking  the 
mean  of  any  two,  that  is,  the  centre  fill,  right  fill,  and  left  fill  of 
Jf  =  the  corresponding  fills  of  A  and  A'  added  together  and  di- 
vided by  two;  also  the  corresponding  distances,  added  and  divided 
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by  two;  and  from  these  mean  dimensions  the  area  of  if  is  to  be 
calculated  for  each  prismoid,  the  length  of  which  is  the  distance 
between  the  two  end  sections  in  feet,  usually  100  feet,  but  may  be 


Fig.  214. 


any  distance  greater  or  less,  as  governed  by  the  requirements  for 

the  distances  between  cross-sections  in  paragraph  481.     It  is  not 

A  -\-  A' 
permissible,  though  often  done,  to  make  M=  — ~ — .    Sometimes 


it  is  made  a  mean  proportional,  i.e.,  M  =  VA  X  A'.  The  usual 
application  of  this  formula  is  laborious,  and  many  efforts  have 
been  made  to  substitute  some  modification. 

The  more  common  is  to  assume  the  ground  to  be  level  trans- 
versely, as  discussed  in  paragraph  484.  Then  A  =  wh  +  «/^S 
A^  =  wA,  +  «A/;  and  using  mean  dimensions. 

Substituting  these  values  in  equation  (289)  and  reducing, 

V  =  ^^i^[25A'  +  (Zw  +  2sh,)h  +  {'6w  +  28h,)h,l    (290) 

in  which  it  will  be  observed  that  only  the  dimensions  of  end  sec- 
tions appear.  From  this  and  similar  forms  of  the  Prismoidal  For- 
mula earthwork  tables  have  been  worked  out,  corresponding  to  the 
usual  widths  of  road-bed  w,  length  of  prismoids  I,  and  ratio  of  side 
slopes  s,  assuming  values  of  h^ ,  from  0.1  to  any  number  of  feet,  while 
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the  horizontal  lines  have  the  prefix  A,  with  valnes  from  zero  (0)  to 
any  or  an  equal  number  of  feet.  For  any  vertical  column  h^  is 
fixed  and  h  variable.  The  values  of  Fcan  be  then  taken  from  any 
column  corresponding  to  the  given  values  of  h  and  A,.  It  would, 
however,  be  an  interminable  job  if  the  value  of  V  had  to  be  calcu- 
lated by  substituting  values  for  h  and  /*, ,  and  it  will  be  found  only 
necessary  to  calculate  the  values  of  V  for  A  =  a  constant,  and 
h^  =  I,  2,  3,  4,  5,  eti.,  and  then  compute  the  differences  from  the 
expression 

^'^        (291) 


J  = 


6X27 


This  results  from  the  equation  (290)  being  of  the  second  degree 
with  respect  to  hy  and  the  second  differences  of  the  values  of  Fwill 
be  constant  and  equal  to  twice  the  coefficient  of  A*.  And  also  the 
first  term  of  the  series  of  differences  in  the  value  of  F,  i.e.,  be- 
tween A  =  0  and  A  =  1,  is  expressed  by  the  sum  of  the  coefficients 
of  A'  and  A, 

I 


J'  = 


6X27 


[Zw  +  25(1  +  A,)]. 


(292) 


If 9  then,  we  make  A  =  0  in  equation  (290),  it  becomes 

I 


486.  It  is  only  necessary,  then,  to  give  successive  values  to  A,, 
/*,  =  1,  2,  3,  etc.,  and  we  obtain  the  first  values  of  V,  placing  these 
in  a  horizontal  line  opposite  A  =  0,  as  shown  in  the  following 
table: 

Table  LI. 

Excavation  in  cubic  yards.  "Width  of  road-bed  =  w  =  18  feet,  I  =  100  feet ; 
Bide  slopes  li  to  1,  «  =1y. 


h 

h,=l 

A,  =  2 

Aj=8 

h,=  i 

^1=5 

fc,=  6 

fci=7 

Cu.  yds. 

Cu.  yds. 

Cu.  yds. 

Cu.  yds. 

Cu.  yds. 

Cu.  yds. 

Cu.  yds. 

0 

85.25 

74.08 

116.66 

161.78 

213.0 

266.66 

1 

72.29 

112.97 

812.96 

2 

113.03 

155.56 

362.96 

8 

157.47 

201.85 

416.66 

4 

205.61 

251.84 

474.06 

5 

257.45 

805.53 

5a5.16 

0 

312.99 

362.92 

599.96 
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Having  found  the  yalnes  of  V  when  h  ^0,  next  find  the  first 

difference  from  eq.  (292),  J'  =  r ^  [3«;  +  2«(1  +  AJ],  when 

A,  =  1,  J'  =  37.04.     The  constant  difference  is  found  from  eq. 

(291),  J  =  g — 5^  =  3.70,  for  all  values  of  A  and  h,.    Add  to 

35.25  +  37.04  =  72.29,  placing  this  in  column  Jl^  =  1  opposite 
A  =  1;  72.29  +  37.04  +  3.70  =  113.03;  113.03  +  37.04  +  2  X  3.70 
=  157.47;  157.47  +  37.04  +  3  X  3.70  =  205.61;  and  so  on.  Then 
find  J'  when  A,  =  2:  J'  =  38.89;  74.08+  38.89  =  112.97;  112.97 
+  38.89  +  3.70  =  155.56;  155.56  +  38.89  +  2  X  3.70  =  201.85; 
and  so  on.  The  accuracy  of  the  series  should  be  checked  by  sub- 
stituting in  eq.  (290)  the  values  of  A  and  A,  at  intervals;  for  ex- 
ample, if  A  =  6  and  A,  =  2,  F should  be  362.92  cubic  yards.  Then 
for  A,  =  3,  z/'  =  40.74;  for  A,  =  4,  J'  =  42.60  ;  for  A,  =  5,  J'  = 
44.44;  and  for  A,  =  6,  i^'  =  46.30.  The  other  columns  are  run  out 
by  similar  successive  additions;  only  the  first,  second,  and  sixth  col- 
umns are  completed.  These  tables  are  thus  made  for  any  values  of 
A  and  A,.  To  use  the  table,  if  we  desired  to  know  the  number  of 
cubic  yards  in  a  prismoid  100  feet  long,  with  the  above  widths  of 
road-bed  and  slopes,  when  one  end  cross-section  has  a  depth  of 
cutting  =  A  =  4,  and  the  other  end  A,  =  6  feet,  we  run  down  the 
vertical  column  A  =  4,  then  horizontally  to  A,  =  6,  and  we  find 
V  =  474.06  cubic  yards.  It  must  be  remembered  that  this  table  is 
only  applicable  to  level  cross-sections.  But  for  any  cross-sections 
of  the  usual  forms  and  roughness  of  ground  we  can  find  the  actual 
areas  of  cross-section,  and  substitute  these  for  A  in  eq.  (288),  and 
thereby  find  the  depths  A  and  A,  of  the  equivalent  level  cross-sec- 
tions, and  then  with  these  values  of  A  and  A^  find  the  value  of  V 
from  the  tables. 

These  tables  can  be  made  out  for  any  values  of  w,  I,  and  s.  The 
usual  values  for  embankments  are  w  =  14  feet,  I  =  100  feet, 
8  =  li;  for  excavation,  w  =  IS,  I  =  100,  and  8  =  1.  The  fore- 
going tables  are  made  out  for  A  and  A, ,  varying  by  1  foot  at  a 
time.  They  can  be  made  varying  with  OrS  foot  or  0.1  foot,  accord- 
ing to  the  accuracy  required.  Intermediate  values  less  than  1  foot 
can  be  interpolated  for  approximate  results. 

487.  The  tables  give  correct  results  in  ordinary  ground,  even 
with  undulating  surfaces  having  ridges  and  hollows  which  are  par- 
allel to  the  line  of  road,  and  in  cases  where  the  surface  of  the  pris- 
moid is  plane,  whether  inclined  or  not,  provided  it  does  not  inter- 
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sect  the  road-bed  within  the  limits  of  the  prismoid.  Bnt  they  fail 
on  undulating  ground,  where  the  ridges  or  hollows  run  obliquely  to 
the  line  of  th^  road,  even  when  the  sections  seem  to  be  regular. 
The  use  of  the  equivalent  depths  is  accurate  when  the  mid  sec- 
tion of  the  prismoid  is  its  actual  area. 

488.  For  the  method  of  average  end  area  it  is  only  necessary  to 
use 

^=2W7(^  +  ^') <^^^> 

This  gives  only  approximate  results,  but  gives  amounts  in  excess  of 
the  true  quantities.  It  is,  however,  very  often  used,  on  account  of 
the  saving  in  labor.  It  is  required  to  be  used  by  statute  in  calcu- 
lating the  cubic  yards  of  earthwork  in  the  State  of  New  York,  so 
far  as  public  works  are  concerned. 

489.  When  the  conditions  of  the  surface  of  the  ground  are  such 
that  eqs.  (290)-(294)  are  not  applicable,  then  resort  must  be  had 
to  the  prismoidal  formula,  eq.  (289),  in  which  the  end  areas  are  cal- 
culated from  exact  dimensions,  and  the  middle  area  from  the  di- 
mensions obtained  by  averaging  the  end  dimensions,  as  already 
explained.  For  many  very  irregular  surfaces  and  for  very  detailed 
information  on  these  subjects  the  reader  is  referred  to  "  Field  En- 
gineering," by  Searles. 

490.  Resident  engineers  are  required  to  send  in  to  the  main 
office  regular  monthly  estimates  of  work  done  during  each  month. 
It  is  not  necessary  that  these  should  be  made  out  with  extreme 
accuracy.  But  no  material  differences  should  be  found  between 
the  aggregate  of  the  monthly  estimates  and  the  final  estimates 
which  are  usually  calculated  either  by  the  prismoidal  or  some 
other  agreed-upon  formula. 

ART.  XL. 

QUARRYING  AND  STONE-CUTTING. 

m 

491.  Quarrying  is  purely  an  art.  But  little  can  be  learned 
otherwise  than  by  experience ;  and  this  knowledge  has  to  be  adapted 
to  the  varying  kinds  of  stone,  to  the  varying  conditions  of  the 
same  general  kinds,  the  manner  in  which  the  stratification,  both 
as  to  thickness  and  lay  of  strata,  is  found  in  the  quarries,  and  to 
the  purposes  for  which  the  stone  is  required. 
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In  the  preceding  article  the  qnestion  of  simply  loosening  stone 
for  excaTatious  was  discnssed^  giving  the  ordinary  methods  of  drill- 
ing holes^  the  quantity  of  explosive  required  to  the  volume  of  rock 
loosened^  etc.  In  that  case  economy  in  loosening  and  subsequent 
handling  was  really  the  only  important  factor  considered.  This 
has  application  also  for  many  other  purposes,  such  as  obtaining 
rough  rubble-stone  for  masonry  or  paving,  broken  stone  for  con- 
crete^ for  ballast  for  macadam  road  coverings,  and  the  like;  that 
is,  for  all  purposes  where  the  shattering  of  the  stone  not  only  does 
no  harm,  but  accomplishes  the  very  purpose  desired.  In  such 
cases  neither  the  quantity  nor  the  kind  of  explosive  is  material, 
these  being  governed  simply  by  what  experience  has  shown  will  be 
most  effective  and  give  the  best  results. 

492.  When,  however,  it  is  required  to  carry  on  quarrying  opera- 
tions with  a  view  of  obtaining  stones  of  definite  shapes  and  sizes, 
it  becomes  important  to  consider  not  only  the  proper  methods,  but 
also  the  quality  and  quantity  of.  the  explosive.  It  is  evident  that 
high  explosives  in  large  quantities  could  not  be  adopted.  Even  if  the 
stones  were  not  shattered  or  broken  to  pieces,  injurious  and  hidden 
cracks  or  seams  might  be  developed.  Therefore,  when  practicable, 
it  is  wise  to  use  no  explosive. 

Many  quarries  can  be  economically  worked  by  means  of  bars, 
wedges  and  hammers,  and  plugs  and  feathers.  Especially  is  this 
true  of  limestones  in  relatively  thin  layers,  and  also  of  many  sand- 
stones, which  can  be  loosened  along  vertical  and  horizontal  seams. 
When  large  horizontal  and  vertical  faces  have  been  exposed  by 
proper  stripping  of  the  soil  and  loose  disintegrated  portions  of  the 
rock,  blocks  of  large  size  and  well  shaped  can  be  quarried  by  means 
of  long  rows  of  plugs  and  feathers  set  in  holes  a  few  inches  deep, 
and  drilled  along  straight  lines  at  short  intervals.  In  such  cases 
the  waste  stone  is  small  in  quantity. 

Where  blasting  is  economical  and  necessary,  several  small 
charges,  rather  than  one  or  two  large  ones,  will  be  found  effective, 
as  by  this  means  immense  blocks  can  be  detached  in  almost  any 
variety  of  rock.  These  blocks  can  be  then  cut  into  smaller  blocks, 
either  by  the  above  tools  alone,  or  aided  by  very  small  blasts,  result- 
ing in  but  little  waste.  Owing  to  many  causes  it  will  usually  be 
found  that  it  is  very  difficult  to  obtain  quantities  of  large  and  di- 
mension stone  suitable  for  face  and  backing  stones  without  also  a 
fair  proportion  of  smaller  and  ill-shapen  stones.  The  result  is  that 
the  quarrying  will  be  very  expensive  unless  the  smaller  stones  can 
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be  worj^ed  up  in  rubble  masonry,  concrete,  macadam,  Belgian 
paving-blocks,  etc.  For  these  latter  purposes,  however,  only  the 
hard  and  tough  varieties,  such  as  trap,  granite,  and  some  varieties 
of  limestones,  are  at  all  suitable.  For  other  or  soft  varieties  the 
bulk  of  the  small  stones  will  have  to  be  wasted. 

498.  The  granites  and  the  best  varieties  of  limestones  and 
sandstones  are  alone  suitable  for  important  structures.  There 
is  not  much  risk  in  selecting  granite  quarries.  Some  varieties 
are  harder,  stronger,  and  better  than  others,  but  all  will  probably  be 
good  enough  for  ordinary  purposes.  Not  so  with  limestones 
and  sandstones,  especially  the  latter.  A  hard,  tough  limestone, 
however,  can  usually  be  distinguished  from  the  softer  and  weaker 
varieties.  But  all  signs,  indications,  and  even  chemical  or  mechani- 
cal tests  fail  in  giving  absolute  assurance  of  the  suitableness  of  sand- 
stones for  any  specific  purpose,  unless  they  have  been  actually  ex- 
posed in  quarries,  bowlders,  or  structures  for  a  greater  or  less  time. 
Soundness  and  durability  are,  after  all,  the  important  properties 
required,  as  there  is  but  little  danger  of  using  a  stone  deficient  in 
strength. 

Granite  is  rarely  used  except  in  the  construction  of  the  most 
important  works,  such  as  light-houses,  public  buildings,  high  mass- 
ive piers  of  the  largest  bridges,  or,  occasionally,  where  its  accessi- 
bility,  ease  of  quarrying,  and  nearness  to  the  site  of  a  stmctnre 
may  render  its  use  either  necessary  or  possibly  economical. 

For  less  important  purposes  sandstones  or  limestones  are  uni- 
versally used.  They  are  abundantly  and  widely  distributed,  are 
relatively  easy  to  quarry,  cut,  and  dress,  and  have  ample  strength 
and  durability  for  all  ordinary  purposes. 

494.  Explosives, — The  principal  explosives  are  nitro-glycerine, 
dynamite,  and  powder. 

Nitro-glycerine  is  seldom  used  in  the  liquid  state  in  ordinary 
blasting  or  quarrying.  It  readily  explodes  by  percussion ;  unless 
confined  in  cans  or  in  solid  rock,  is  wasted  by  leakage,  and  finding 
its  way  into  crevices  or  hollows,  may  be  exploded  accidentally.  It 
requires  but  little  temping,  is  unaffected  by  immersion,  and,  being 
heavier  than  water,  it  can  be  used  under  water  to  great  advantage. 
This  liquid  is  produced  by  mixing  glycerine  with  nitric  and  sul- 
phuric acids,  and  is  always  exploded  by  means  of  sharp  percussion, 
produced  by  means  of  a  cap  and  fuse.  The  cap  is  a  small  copper 
cylinder  containing  fulminate  of  mercury  and  some  inert  sub- 
stance.    Nitro-glycerine  develops  instantaneously  a  great  force; 
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at  least  three  or  four  times  as  much  gas  and  twice  as  much 
heat  is  developed^  pound  for  pound,  as  with  gunpowder.  It  costs 
from  50  to  60  cents  per  quart. 

Dynamite  is  a  mixture  of  nitro-glycerine  and  some  granular  ab- 
sorbent. The  absorbent  acts  as  a  cushion  to  preyent  easy  explosion 
by  percussion,  and  is  therefore  less  dangerous  to  handle.  It  loses 
none  of  its  properties  or  characteristics  by  being  absorbed,  is 
only  rendered  a  little  more  difficult  to  explode.  If  the  absorbent  is 
inert,  the  mixture  must  contain  at  least  50  per  cent  of  nitro-glycer- 
ine, otherwise  it  will  be  too  difficult  to  explode.  But  if  the  absor- 
bent contains  explosive  substances,  the  percentage  of  nitro-gly- 
cerine may  be  reduced.  A  dynamite  containing  75  per  cent  of 
nitro-glycerine  has  about  six  times  the  explosive  force  of  an  equal 
weight  of  gunpowder.  It  is  only  effective  in  very  hard  and  solid 
rock.  In  soft  rock  or  clay  gunpowder  is  more  effective.  The 
lower  grades  of  dynamite  are  more  suitable  for  sand,  loose  rock,  or 
earth.  For  general  blasting  in  open  cuts,  tunnelling,  and  mining, 
a  dynamite  containing  40  per  cent  of  nitro-glycerine  is  used;  for 
quarrying,  35  per  cent;  for  blowing  out  stumps,  trees,  and  piles, 
30  per  cent;  for  sand  and  earth,  15  per  cent. 

Gunpowder. — For  blasting  only  the  cross-grained  powder  is 
used.  The  absolute  force  developed  by  gunpowder  is  not  definitely 
known.  It  has  been  determined  as  high  as  200,000  pounds  per 
square  inch.  Experiment  alone  can  determine  the  quantity  required 
to  produce  a  given  effect. 

Dynamite  costs  per  pound  from  15  cents  to  50  cents^  from  the 
lowest  to  the  highest  grades. 

Powder  is  sold  in  25-pound  kegs  for  from  $2  to  $2.50  per  keg, 
exclusive  of  freight.     (See  Baker  on  Masonry  Const niction.) 

495.  Stone-cutting, — It  is  rarely  required  of  the  engineer  to  do 
more  than  specify  the  sizes  and  shapes  of  stones,  and  for  ordinary 
purposes  the  forms  required  are  few  and  simple.  It  will  therefore 
only  be  necessary  to  give  a  brief  description  of  the  methods  adopted. 

496.  The  stonecutter's  tools  consist  of  a  variety  of  hammers 
with  blunt,  chisel,  and  pointed  shapes,  sometimes  special  hammers 
known  as  crandalls,  or  bush-hammers,  mallets,  and  various-sized 
chisels,  and  points.  With  these  instruments  the  stones  are  cut  and 
dressed  to  any  degree  of  nicety  required. 

In  large  stone  yards  there  are  many  machines  used,  such  as  saws, 
cutters,  planers,  grindera,  and  polishers.  The  action  of  these  ma- 
chines are  made  to  resemble  as  nearly  as  possible  that  employed  in 
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diessing  stone  by  hand.  The  grinders  and  polishers  consist  essen- 
tially of  large  iron  plates  revolving  in  a  horizontal  plane,  npon 
which  the  stone  is  placed  and  held  in  position.  By  means  of  water 
sand  is  worked  in  under  the  stone,  which  is  gradually  worn  by 
abrasion  to  the  required  degree  of  smoothness.  For  ordinary  struc- 
tural purposes  it  is  not  desirable  to  have  the  surfaces  too  smooth, 
as  in  masonry  the  stones  are  usually  well  bedded  in  mortar,  which 
will  fill  all  of  the  little  irregularities,  and  at  the  same  time  bond 
into  or  adhere  better  to  the  stone.  Gen.  William  Sooy  Smith 
states  that  a  column  of  polished  stones  simply  resting  on  each 
other,  or  having  only  the  thinnest  skin  of  a  cement  wash  between 
the  stones,  is  at  least  four  times  as  strong  under  compression  as  the 
same  stones  unpolished  and  bedded  in  mortar  would  be.  A  column 
of  limestone  9  feet  long  and  of  a  uniform  cross-section  of  1  foot 
square,  composed  of  several  stones,  stood  a  compressive  force  of 
800,000  pounds,  or  357  tons. 

497.  The  sides  and  beds  of  stones  should  be  dressed  to  practi- 
cally plane  surfaces,  and  all  angles  right  angles.  These  surfaces 
are  not  polished,  but  are  about  as  smooth  as  can  be  attained  with 
the  point  and  chisel.  Many  varieties  of  sandstone  when  first  quar- 
ried can  be  rough-pointed  with  an  ordinary  pick.  Harder  stones 
are  rough-pointed  with  a  tool  called  a  heavy  or  blunt  point.  If  a 
smoother  surface  is  required,  the  rough-pointed  stone  is  dressed 
over  with  the  fine  point  or  with  the  crandall,  which  is  composed  of 
a  series  of  fine  points  held  in  a  frame  with  a  handle  attached.  It 
is  simply  a  means  of  rapid  fine-pointing.  In  this  case  the  varia- 
tions from  a  plane  surface  do  not  exceed  from  ^  to  ^  ot  an  inch. 
If  the  finish  is  made  with  the  chisel  or  patent  hammer,  the  surface 
is  composed  of  a  series  of  flat  chisel  marks  nearly  in  the  same 
plane,  instead  of  a  series  of  points  and  depressions.  If  when  the 
stone  has  been  rough-pointed  or  fine-pointed  the  roughnesses  are 
hammered  down  by  a  bush-hammer,  a  practically  plane  surface, 
though  not  polished,  is  obtained.    This  is  rarely  required. 

The  face  of  a  stone  may  be  left  just  as  it  comes  from  the  quarry, 
i.e.,  quarry-faced.  If  the  projections  over  3  or  6  inches  are  knocked 
off,  it  is  called  rock-faced.  For  certain  purposes,  such  as  the  up- 
stream end  of  a  pier,  the  faces  may  be  rough-pointed  or  fine- 
pointed,  crandalled,  or  bushed,  but  never  left  with  projections  over 
^  to  1  inch.  The  down-stream  end  and  likewise  the  sides  may  be, 
in  fact  usually  are,  rock-faced.  Sometimes  the  down-stream  end 
is  cut  to  correspond  with  the  other  end.    For  lighthouses  and 
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similar  structures  all  exposed  faces  are  pointed  off,  or  even  bushed. 
Often  around  the  edges  on  the  face  a  chisel-draught  from  1^  to  3 
inches  wide  is  made,  leaving  the  remaining  portion  of  the  face 
rough-pointed  or  rock-faced;  or  simply  the  edges  are  pitched  off  to 
a  straight  line.  It  is  not  usual,  nor  is  it  advisable,  to  fine-point  the 
sides  of  a  stone  to  distances  from  the  face  of  more  than  1  to  2  feet ; 
the  rough  tails  bond  well  behind  the  adjacent  stones  in  the  same 
course;  especially  is  this  advantageous  in  headers.  All  that  is 
necessary  is  for  the  dressed  surface  to  clear  the  width  of  the  bed  of 
the  adjacent  stretchers.  The  lower  or  bottom  bed  should  be  true 
to  a  straight-edge  applied  in  every  direction.  It  should  be  out  of 
wind  or  warp.  A  very  slight  concavity  towards  the  centre  of  the 
bed  is  not  objectionable  if  the  stone  is  to  be  bedded  on  a  somewhat 
soft  mortar;  otherwise  the  pressure  will  be  concentrated  on  the 
edges,  thereby  causing  chipping,  or  even  unequal  settling  of  the 
structure.  Stone-cutters  are  not  likely  to  cut  the  beds  convex,  as 
such  stones  roll  and  are  difficult  to  bed;  in  addition  they  leave 
thick  and  unsightly  joints  on  the  face  of  the  work.  Except  for 
certain  very  special  and  important  works,  such  as  lighthouses,  the 
stones  are  not  required  to  be  dressed  on  all  sides,  nor  to  be  of  exact 
and  definite  sizes  and  shapes.  On  the  contrary,  variations  in  both 
of  these  respects  are  of  advantage  to  the  strength  of  the  work. 
The  main  requirement  for  the  stones  of  large,  massive  masonry  is 
that  a  sufficient  number  shall  be  of  the  same  thickness  to  complete 
each  course,  with  due  regard  to  proper  lengths  and  widths  to  form 
a  good  bond  both  longitudinally  and  transversely,  and  that  the 
thickness  shall  not  be  less  than  the  specified  inferior  limit,  which 
varies  with  the  character  of  the  masonry  required.  In  certain 
special  cases  every  stone  has  to  be  cut  to  a  definite  size  and  shape 
in  order  to  fit  accurately  in  its  place,  and  often  so  formed  as  to 
break  joints  both  in  horizontal  and  vertical  directions,  the  stones 
being  indented  or  dovetailed  into  each  other,  as  in  lighthouses, 
or  cut  to  plane  surfaces  inclined  to  each  other,  having  one  or 
more  curved  surfaces,  as  in  the  ring-stones  of  arches.  For  most 
purposes  it  is  not  desirable  that  the  blocks  of  stone  should  be  ex- 
cessively large,  as  it  is  difficult  to  bed  well  and  thoroughly  very 
long  and  wide  stones,  and  if  not  well  bedded  they  will  split  under 
^eat  pressures.  A  few  long,  wide  stones  are  useful  in  changing 
the  direction  of  the  bond.  Contractors  are  not  likely  to  furnish 
many  very  large  stones ;  therefore  it  is  rarely  necessary  to  specify  a 
maximum  limit  of  dimensions. 
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498.  Oving  to  the  fact  that  the  face-Btoneg  of  large  walls  and 
piers  are  not  required  to  be  exact  rectangular  parallelopipedona,  it 
becomes  necessary  to  specify  to  what  extent  they  may  vary  from 
them  ;  as,  that  the  width  at  either  eod  shall  not  be  less  than  12, 
18, or  20  inches;  that  the  average  width  shall  not  be  less  than  from 
one  to  two  times  the  depth  of  the  stone;  that  both  aide  joiots 
shall  be  dreesed  true  and  at  right  angles  to  the  base,  and  practically 
at  right  angles  to  the  face,  of  the  stone  for  a  distance  of  12  to  18 
inches  or  more;  and  that  bottom  beds  shall  be  practically  dreesed 
to  a  plane  surface,  and  the  top  bed  to  a  width  not  less  than  from 
one  to  two  times  the  depth,  leaving  the  tail  beyond  this  limit  to 
fall  away  somewhat  irregularly,  but  in  no  case  extending  above  the 
plane  of  the  dressed  portion.  It  is  also  necessary  to  specify  the 
degree  of  roughness  or  smoothness  to  which  the  face  must  be 
reduced;  also  whether  a  obisel-draugbt  or  a  simple  pitch-line  is 
required  to  be  cut  around  the  edges  of  the  faoe. 

For  ordinary  building  purposes  the  rough  block  ia  cut  into  one 
of  the  five  following  forms:  a,  b,  c,  d,  e  (Fig.  315).  u  is  a  priam, 
full  dressed  on  beds  and  joints;   &  is  a  common  trapeaoidal  form. 


c  is  a  stone  simply  coming  within  somewhat  liberal  specifications 
(the  rough  tail  is  contrasted  with  the  perfect  form).  These  are  all 
called  stretchers;  are  rarely  less  than  3  feet  or  more  than  6  feet  in 
length  oil  the  face,  d  and  e  are  good  forms  for  headers,  their 
lengths  perpendicular  to  the  face  varying  from  3  to  6  feet. 

499.  DrenKing    the   Sloiiex. — Tht    stone-cutter   examines    the 
rough  block  in  order  to  determine  whether  the  block  will  work  to 
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better,  advantage  as  a  header,  a  stretcher,  or  a  corner-stone  which 
is  a  header  to  one  face  and  a  stretcher  to  the  other.  As  the 
bottom  bed,  or  that  on  which  the  stone  is  to  rest  in  the  struc* 
tnre,  is  to  be  cut  with  accuracy  and  practically  to  a  plane  sur- 
face for  its  full  width  and  length,  also  as  the  top  bed  and 
sides  are  usually  gauged  from  it,  this  bed  is  usually  dressed  first. 
The  stone  is  then  turned  with  that  face  intended  for  the  bottom 
on  top.  All  rough  projections  are  hammered  off,  and  approxi- 
mately straight  lines  are  pitched  off  around  its  edges ;  then  a  chisel- 
draught  is  cut  on  the  two  longer  edges.  These  draughts  are  brought  to 
the  same  plane  as  nearly  as  practicable  by  the  use  of  straight-edges, 
and  the  enclosed  rough  portion  dressed  down  to  the  plane  of  the 
draughts.  The  entire  bed  can  then  be  pointed  down  to  a  surface 
trae  to  the  straight-edge  when  applied  in  any  direction — crosswise, 
lengthwise,  and  diagonally. 

Lines  are  then  marked  on  this  dressed  face  parallel  and  perpen- 
dicular to  the  face  of  the  stone,  enclosing  as  large  a  rectangle  as  the 
stone  will  admit  of  being  worked  to,  as  determined  by  the  other 
dimensions  of  the  block. 

The  face  and  sides  are  pitched  off  to  these  lines.  A  chisel-draught 
is  then  cut  down  AB  and  along  -4C  (see  ft,  Pig.  215),  and  the  entire 
side  cut  to  the  plane  of  these  draughts;  the  same  is  done  on  the  other 
side.  The  stone  is  turned  over  bottom  bed  down,  and  the  top  bed 
dressed  down  to  a  plane  surface  parallel  to  the  bed.  It  is  impor- 
tant that  the  dressed  portion  of  the  top  bed  should  be  exactly  paral- 
lel to  the  bottom  bed  in  order  that  the  same  thickness  of  stone  shall 
be  maintained  to  this  extent. 

Small  and  shallow  depressions  of  the  top  bed  below  its  general 
plane  surface  are  not  material  defects,  as  they  must  necessarily  be 
filled  with  mortar  before  setting  the  next  course  above.  A  very 
slight  narrowing  towards  the  tails  of  the  stones  is  permissible,  as  it 
facilitates  filling  the  side  joints  with  mortar,  which  is  difficult  to 
do  with  only  half-inch  joints  if  the  sides  of  adjacent  stones  are 
exactly  parallel  all  the  way  back. 

If  the  beds  and  sides  are  to  be  inclined  to  each  other,  the  proper 
slope  is  maintained  by  using  a  bevelled  straight-edge  instead  of  the 
ordinary  steel  square. 

All  that  is  necessary  for  the  engineer  to  do  is  to  tell  the  foreman 
what  he  requires.  He  will  attend  to  the  question  of  proper  pro- 
cedure if  the  first  stones  not  coming  up  to  the  requirements  are 
condemned. 
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Arch-stonee  have  two  plane  SDrfaces  iaclined  slightly  to  each 
other;  these  are  called  the  beds.  The  upper  surface,  left  rough  as  a 
rule,  is  called  the  back  or  extradoe,  and  the  lower  surface,  the  intm- 
doB,  which  is  cut  to  the  carve  of  the  arch,  usually  circular  or  ellip- 
tical. This  surface  and  the  beds  must  be  cut  as  true  as  possible  to 
the  straight-edge  or  to  the  curved  templet.  Where  the  widths  of 
the  various  longitadinal  courses  are  all  the  same,  one  set  of  bevelled 
and  cnrved  patterns  or  templets  will  answer  for  every  stone. 
While  such  a  requirement  is  not  necessary,  it  will  asually  be  found 
practical  to  reduce  all  courses  to  two  or  at  most  three  different 
widths,  requiring  a  like  number  of  templets. 


FiOB.  2ie. 

The  drawing  (a).  Fig,  216,  shows  an  ordinary  vonssoir  or  arch- 
stone;  (b)  one  of  the  end  stones  or  face-stones;  and  (c)  the  top  or 
keystone.  These  may  be  cut  with  the  square  top,  as  shown  by  fnll 
lines;  or  the  ex  trades  may  be  cut' to  the  curve  of  the  arch,  as  shown 
by  the  dotted  lines.  It  is  evidently  necessary  for  the  stone-cutter 
to  know  the  widths  of  the  voussoirs  on  both  soflit  and  extrados 
lines  of  each  stone  in  order  to  give  the  proper  inclination  to  the 
side  surfaces,  and  also  to  have  a  curved  templet  cut  to  the  exact 
curve  of  the  soffit.  Knowing  these,  there  is  little  difference  in 
the  methods  of  dressing  the  stones  from  those  required  in  the  ordi- 
nary square  blocks.  The  chisel-draughts  are  cut  to  correspond  to  the 
plane  and  curved  surfaces,  and  the  stones  are  dressed  down  to  these 

More  complicated  forms  require  special  templets  to  guide  the 
workmen,     Voussoira  are  cut  and  dressed  to  practically  smooth 
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surfaces  on  all  sides  but  the  top  or  extrados,  and  they  should  only 
require  the  thinnest  practicable  joints  for  mortar  between  them. 

600.  The  large  backing  or  filling  stones  are  selected  from  those 
that  would  not  cut  into  good  face-stones,  as  the  requirements  of 
exact  thicknesses  and  shapes  are  not  usually  as  rigid  as  for  the  face- 
stones.  They  should  have  good  beds,  but  the  sides  are  not  required 
to  be  cut  exactly  to  vertical  surfaces,  and  both  bed  and  side  joints 
in  masonry  may  be  thicker  than  allowed  for  the  face-stones.  Spec- 
ifications on  these  matters  vary  between  wide  limits. 

It  is  to  the  contractors^  interest  to  use  as  large  stones  as  con- 
sistent with  economy  in  quarrying,  cutting,  and  handling.  It  is 
also  to  their  interest  to  utilize  as  far  as  practicable  the  smaller  and 
ill-shapen  stones.  The  cost  of  stone  masonry  will  depend  largely 
upon  the  requirements  of  the  specifications,  as  well  as  upon  the 
character  of  the  stone,  the  nearness  and  accessibility  of  quarries, 
and  means  of  transportation. 

The  beds  of  all  stones  should  coiTespond  with  the  strati- 
fication of  the  stone,  as  they  should  be  laid  on  their  natural 
beds,  which  is  commonly  the  same  as  the  quarry-beds,  that  is,  hor- 
izontal or  nearly  so. 


ART.  XLI. 

MASONRY. 

601.  Masokrt  is  classified  according  to  (1)  the  kind  of  ma- 
terial used,  as  stone,  brick,  or  mixed  masonry;  (2)  the  dimensions 
and  shapes  of  the  stones;  and  (3)  the  manner  in  which  the  work  is 
performed,  especially  in  regard  to  the  thickness  of  the  mortar- 
joints  and  the  extent  of  the  bond  required,  and  also  with  the  uui- 
formity  or  want  of  uniformity  in  the  thicknesses  of  the  stones  in 
a  given  course  or  vertical  distance  on  the  face  of  the  wall.  For 
ordinary  massive  masonry  the  appearance  on  the  face,  whether 
rourh  or  pointed,  with  or  without  chisel-draughts,  is  immaterial 
from  an  engineering  standpoint. 

502.  The  following  are  terms  in  common  use: 

Fencing  is  composed  of  those  etones  which  are  exposed  to 
view ;  the  Backing  or  Filling y  those  which  are  behind  the  facing  in 
retaining-walls,  abutments,  and  arches,  and  between  the  faces  in 
piers  which  are  exposed  to  view  on  all  sides. 


I 
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Headers  are  stones  whose  ends  are  seen  on  the  face  of  the  wall 
with  lengths  perpendicular  to  the  face  of  the  walls,  and  all  stones 
parallel  to  them. 

Stretchers  are  those  whose  lengths  are  seen  on  the  face  of  the 
walls,  and  all  stones  parallel  to  them. 

Quoins  are  the  corner-stones.  These  are  headers  on  one  face 
and  stretchers  on  the  other. 

A  Course  is  one  complete  horizontal  layer  of  stones,  including 
the  facing  and  backing  or  filling.  Strictly  speaking,  all  of  the 
stones  in  the  same  course  are  of  the  same  thicknesses.  It  is,  how- 
ever, applied  to  the  thickest  unbroken  stones,  between  which  two 
or  more  layers  of  thinner  stones  may  be  placed. 

Joints  are  the  spaces  between  the  stones,  usually  filled  with 
mortar.  They  are  called  bed-joints  when  horizontal,  and  side- 
joints  when  vertical  or  inclined  to  the  horizontal. 

Bond  means  the  overlapping  of  the  stones,  by  which  no  con- 
tinuous vertical  or  inclined  joints  exist,  and  sometimes  the  con- 
tinuity of  the  horizontal  joints  are  broken. 

Batter  means  the  inclination  of  the  face  of  a  wall  to  the  vertical 
plane. 

Striiig-courses  are  courses  of  wide  stone  which  project  a  few 
inches  beyond  and  outside  of  the  face  of  the  wall. 

Coping:  One  or  more  courses  of  well-dressed  stones  laid  with 
thin  side  joints,  which  are  intended  to  protect  the  rougher  masonry 
below,  and  to  distribute  a  heavy  concentrated  load  over  a  larger 
area.  One  course,  or  both  courses,  projects  beyond  the  face  of  the 
wall  fi'om  6  to  9  inches. 

Raising -stones  are  large  stones  made  from  hard  and  strong 
varieties  of  stone,  which  are  placed  on  the  top  of  the  coping,  and 
serve  as  a  rest  for  the  end  posts  of  bridge-spans,  distributing  the 
pressure  over  a  large  area  of  the  masonry. 

Cramps  are  bars  of  iron  bent  at  the  ends  through  a  right  angle, 
and  inserted  in  small  holes  and  trenches  cut  in  adjacent  stones  to 
hold  them  together. 

Dowels  are  used  for  the  same  purpose.  They  are,  however. 
straight  bars  of  iron  or  stone,  and  are  entered  into  holes  on  the 
adjacent  sides  of  two  stones  in  the  same  course.  Bolts  are  some- 
times placed  in  holes  drilled  through  one  stone  into  the  masonry 
below.  Around  and  over  cramps,  dowels,  and  bolts,  melted  lead  or 
sulphur,  or  cement  grout,  is  poured.  These  are  used  mainly  for 
fastening  coping-stones  to  each  other  and  to  the  masonry  below^  or 


MASONRY.  681 


fastening  any  stones  together  that  may  be  liable  to  be  forced  out 
of  their  positions  from  any  cause  whatever. 

CLASSIFICATION  OF  MASONRY. 

503.  Rubble  Masonry. — This  class  of  masonry  covers  a  wide 
range  of  construction^  from  the  commonest  kind  of  dry  stone  work 
to  a  class  of  work  composed  of  large  stones  laid  in  cement;  that  is, 
from  walls  made  of  river-jacks  or  round  bowldera  to  roughly  dressed 
or  squared  stones,  laid  with  or  without  mortar,  and  any  combina- 
tion of  these  stones.  The  strength  and  stability  of  walls  without 
mortar  are  both  small  and  uncertain,  as  there  is  no  adhesion 
between  the  stones  and  no  unification  of  the  mass.  Each  stone  is 
dependent  for  permanency  of  position  solely  on  the  friction  on  its 
surfaces,  excessive  pressure  at  any  point  causing  a  local  displace- 
ment of  that  portion  of  the  wall.  If  either  lime  or  cement  mortar 
is  used  to  fill  the  interstices  between  the  stones,  a  good  strong  wall 
can  be  constructed.  The  rounded  stones  are  rarely,  if  ever,  used 
with  mortar,  except  for  the  interior  filling  between  the  face-walls. 
We  may  define  rubble  as  masonry  of  unsquared  stones,  bedded  in 
mortar  or  not,  according  to  the  strength  and  stability  required. 
For  nearly  every  important  structural  purpose  mortar  is  or  should 
be  used. 

504.  XJncoursed  rubble  is  where  no  regular  horizontal  courses 
are  used.  The  joints  both  in  horizontal  and  vertical  planes  are 
broken,  and  irregularly  so.  But  little  attention  may  be  given  to 
the  horizontal  joints,  but  special  attention  should  be  given  to  break- 
ing by  proper  bond  all  side  joints.  Whereas  the  general  thickness 
of  the  mortar- joints  may  not  be  over  1  inch,  in  many  parts  of  the 
bed  and  sides  they  may  be  two,  three,  or  more  inches  in  thickness. 
Such  spaces  should  be  carefully  filled  with  small  stones  or  spawls, 
well  bedded  in  mortar.  In  this  class  of  work  only  sharp  angles  and 
the  rougher  projections  on  sides  and  beds  are  hammered  off.  (See 
(a).  Fig.  217.) 

505.  Coursed  Rubble  only  differs  from  the  uncoursed  in  having 
at  certain  vertical  intervals  continuous  horizontal  joints.  The 
thickness  of  any  one  course  is  regulated  by  that  of  the  corner-stones 
and  an  occasional  intermediate  or  bond  stone,  the  spaces  between 
these  being  filled  with  uncoursed  rubble,  the  top  surfaces  of  which 
are  levelled  by  knocking  off  projections  above  the  corner  stones, 
or  levelling  up  with  small  pieces  and  mortar  when  below,  and 
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Upon  this  course  another  similar  one  is  laid.  No  hammering 
on  such  stones  should  be  allowed  after  they  are  bedded.  (See  {b). 
Fig.  317.)  Masonry  of  these  two  classes  is  the  most  difficult  to 
btiild  properly.  It  requires  care  to  properly  break  the  side  joints, 
as  welt  as  to  properly  fill  the  interstices,  which  is  often  done  by 
piling  ill  small  stones  and  smearing  a  dab  of  mortar  orer  the  top. 
This  should  never  be  allowed.  The  spaces  should  be  filled  eitlier 
entirely  or  partly  with  mortar,  and  the  small  stooes  should  be 
pressed  or  forced  into  the  mortar.  This  is  the  only  way  of  secur- 
ing sound,  solid  work.  It  is  stated  that  the  strength  of  such 
masonry  is  about  four  tenths  that  of  the  stone  with  which  it  ie 
built;  it  is  probably  better  to  say  that  it  is  measured  by  the 
strength  of  the  mortar  used  in  it.  A  cubic  yard  of  rubble  masonry 
requires  about  1^  cubic  yards  of  stone  and  from  ^  to  f  of  a  cubic 
yard  of  mortar. 

With  the  proportions  of  1  cement  and  2  sand,  it  will  require  on 
an  average  about  Zi  barrels  of  cement  and  0.8  cubic  yard  of  saud 
to  make  a  cubic  yard  of  mortar;  or  from  0.7  barrel  of  cement  and 
0.2  cubic  yard  of  sand  to  1.1  barrel  of  cement  and  0.32  cubic  yard  of 
saud,  or  an  average  of  1  barrel  cement  and  0.26  cubic  yard  of  sand, 
to  the  cubic  yard  of  rubble  masonry.  Lime  mortar  is  often  used 
for  rubble  work;  this  should  never  be  used  for  foundation- walls. 

Rubble  masonry  is  used  for  foundation-walls  of  houses,  piera, 
and  abutments;  for  backing  retaining- walls,  filling  between  the 


face-walls  of  piers,  and  for  almost  any  wall  where  great  strength  is 
not  required,  and  w  here  the  appearances  on  the  face  are  unimportant. 
If,  as  in  (A),  Fig.  317,  the  stones  are  roughly  squared  and  roughly 
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dressed  on  beds  and  sides,  a  better  class  of  coursed  rubble  is  ob- 
tained, the  joints  of  the  small  stones  being  approximately  horizon- 
tal and  vertical,  respectively. 

506.  Random  or  broken-range  masonry  is  similar  to  the  coursed 
rabble  in  construction;  but  all  stones,  whether  large  or  small,  are 
dressed  to  horizontal  and  vertical  surfaces,  and  are  cut  to  fit  neatly. 
In  this  class  of  masonry  large  and  small  stones  are  laid  without 
any  special  arrangement.  The  main  point  is  to  distribute  the  large 
stones  over  the  face  of  the  masonry,  avoiding  as  far  as  practicable 
any  large  portions  of  the  surface  showing  a  collection  of  large 
or  of  small  stones.  The  corner-stones  should  always  be  of  large 
size.  The  depth  of  the  stones  on  the  face  may  vary  from  12  to  3 
or  4  inches. 

507.  In  all  classes  of  squared-stonework  it  is  usual  to  prescribe 
definitely  the  least  thickness  or  depths  of  stones.     This  may  vary 
from  4  inches  to  12  inches.     Any  depths  beyond  these  are  permis- 
sible, provided  the  breadths  and  lengths  bear  a  certain  relation  to 
the  depths.     For  the  soft  varieties  of  stone  the  widths  or  breadths 
may  vary  from  1  to  2  times  the  depths,  and  the  lengths  should  not 
exceed  3  times  the  depths.     For  hard  stones  the  widths  may  be  as 
much  as  3  times  the  depths,  and  the  lengths  as  much  as  4  or  5 
times  the  depths.     These  proportions  are  required  to  prevent  cross- 
breaking.     It  is  evident  that  for  a  good  class  of  broken-range  work 
there  is  required  a  great  deal  of  cutting  and  dressing,  of  trouble 
in  assorting  and  laying  the  stones,  and  a  considerable  proportion 
of   mortar,  on   account  of  the  large  percentage  of  small  stones. 
Consequently   this  class  of    masonry  will    be   expensive,  unless 
the  stone  lies  in  well-defined  and  easily  quarried  strata  of  varying 
thicknesses,  requiring  also  little  cutting  and  dressing.     For  these 
reasons,  although    this   masonry  presents  an   attractive  appear- 
ance, it  is  seldom  used,  except  for  houses,  churches,  and  similar 
structures.     If  well  built,  it  has   considerable  strength  to  resist 
crushing.    It  is  not  well  suited  to  stand  shocks  or  blows.    In  local- 
ities where  suitable  quarries  are  found,  as  in  limestone  sections  of 
the  country,  it  is  used  for  abutments  and  retaiuing-walls.     When 
laid  in  mortar  I  cement  to  2  sand  it  will  require  from  i  to  f  barrel 
of  cement  per  cubic  yard  of  masonry.     This  class  of  masonry  is 
shown  in  Fig.  235,  under  the  head  of  Retaining-walls. 

608.  Ashlar^  Range-work^  and  Block-in-courHs  Masonry. — All 
of  these  classes  of  masonry  are  composed  of  well-dressed  and  squared 
stones.     The  difference  between  them  is  mainly  in  the  dimensions 
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of  the  stone,  thickuefis  of  the  mortar-joints,  and  extent  of  bond 
secured. 

Range-work,  as  generally  understood,  only  differs  from  ashlar  in 
having  thicker  mortar- joints,  say  over  i  inch  and  less  than  1  inch; 
whereas  ashlar  has  joints  from  ^  to  ^  inch  in  thickness,  according 
to  the  quality  of  the  masonry. 

Block-in-course  masonry  only  differs  from  ashlar  in  being  built 
of  smaller  blocks,  the  depths  not  exceeding  1  foot. 

Ashlar  masonry  has  an  inferior  limit  of  1  foot  in  depth,  aud 
ranges  as  high  as  3  feet  or  more.  In  all  three  classes  each  course 
is  of  the  same  thickness  throughout;  all  bed- joints  are  usually 
horizontal  and  all  side  joints  vertical. 

509.  The  strongest  bond  for  these  kinds  of  masonry  is  that  in 
which  a  header  is  placed  over  the  middle  of  each  stretcher  below, 
or  headers  and  stretchers  alternate  in  each  course.  Therefore,  re- 
garding the  proportions  of  dimensions  already  given,  which  holds 
with  respect  to  headers  and  stretchers  alike,  in  this  construction 
the  area  of  the  face  should  be  composed  of  at  least  from  one 
fourth  to  one  third  of  header  ends.  Such  relations  and  conditions 
can  be  made  to  exist  in  the  very  best  ashlar  masonry  with  thin 
joints  not  over  an  ^  or  i  inch  in  thickness.  But  in  ordinary  and 
massive  masonry  the  stretchers  (in  ashlar  masonry)  have  any 
lengths  from  3  to  6  feet ;  the  headers  have  any  breadths  from  1  to  3 
feet  or  even  more.  It  is  therefore  impracticable,  even  if  desirable, 
to  attempt  the  placing  of  headers  exactly  over  the  middle  portions 
of  the  stretchers,  or  having  an  overlap  or  bond  of  one-third  the 
length  of  the  stretchers.  It  is  therefore  specified  that  the  bond 
shall  not  be  less  than  from  1  to  1^  feet,  and  with  this  limitation 
the  positions  of  the  headers  and  stretchers  can  be  arranged  in  each 
course  according  to  the  relative  widths  of  headers  and  lengths  of 
stretchers.  With  a  limit  for  the  depths  of  the  stones,  and  inferior 
limits  of  3  feet  in  length  of  stretcher  and  a  width  of  header  not 
less  than  the  depth  of  the  course,  the  general  arrangement  of  the 
stones,  provided  the  bond  is  always  equal  to  or  greater  than  1  foot, 
in  each  course  may  well  be  left  to  the  honesty  of  the  contractor  and 
fidelity  of  the  inspectors.  It  is  well  to  specify  that  no  vertical 
joint  will  be  permitted  under  or  over  a  header.  Although  no  valid 
objection  could  be  raised  to  bonding  on  a  broad  header  3  feet  or 
more  in  width,  the  privilege  is  liable  to  abuse.  It  may  be  allowed 
occasionally  where  the  introduction  of  a  short  or  long  stretcher 
would  break  a  zigzag  bond  forming  a  continuous  series  of  narrow 
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steps  for  a  considerable  vertical  distance  on  the  face  of  the  ma- 
sonry. 

510.  'The  lengths  of  headers  are  of  more  importance  than  is 
contemplated  in  specifications,  which  usually  prescribe  only  an 
inferior  limit  of  about  3  feet.  Evidently  in  an  18-inch  or  2-foot 
oourae,  with  a  breadth  of  stretcher  2^  to  B  feet,  3-foot  headers  would 
be  of  no  value.  In  such  cases  they  should  never  be  less  than  from 
4  to  6  feet.  In  other  words,  headers  should  never  be  less  than  2  to 
2^  times  the  depth  of  courae,  and  in  ashlar  masonry  never  less 
than  3  feet,  whatever  may  be  the  depth  of  the  course. 

In  block-in-course  masonry,  the  depths  of  courses  varying  from 
^  to  9  inches,  the  length  of  the  stretchers  should  vary  from  18  to  27 
inches,  and  the  same  for  the  headers;  whereas  the  widths  of  the 
headers  and  stretchers  vary  from  6  to  18  inches,  and  the  bond 
from  6  to  9  inches.  Otherwise  the  same  remarks  apply  as  for 
ashlar  masonry. 

In  walls  not  over  from  2  to  3  feet  in  thickness  the  headers  should 
extend  entirely  through  the  walls.  Especially  is  this  important  in 
rabble  and  broken-range  work.  In  thicker  walls,  from  3  to  5  feet, 
the  headers  should  overlap  from  the  two  faces;  and  in  still  thicker 
walls  interior  headers  should  overlap  well  the  tails  of  the  headers 
from  the  faces. 

In  case  of  facing  walls  of  ashlar  backed  with  rubble  the  headers 
jshould  extend  well  into  the  backing. 

511.  Ashlar  and  range-work  masonry  are  generally  called  first- 
class  masonry,  and  are  used  for  both  large  and  small  piers  and 
abutments  for  bridges,  facing  of  important  retaining-walls,  and 
other  large  structures.  A  rougher  range  work  or  a  first  class 
-coursed  rabble  is  called  second-class  masonry;  it  is  used  mainly 
for  abutments  or  other  important  structures  on  land,  and  often  for 
smaller  piers  for  bridges. 

Block-in-course  masonry  is  used  for  small  piers  and  abutments 
mainly  on  land,  and  for  houses,  when  stones  of  the  proper  thick- 
nesses can  be  readily  obtained,  and  may  be  either  first  or  second 
class. 

Ordinary  or  roughly  coursed  rubble  is  sometimes  called  third- 
class  masonry.  These  names  are  confined  usually  to  railway  struc- 
tures. 

512.  The  backing  or  filling  behind  or  between  the  face-walls 
of  abutments,  retaining-walls,  or  piers  is  either  common  rubble, 
coursed  rubble,  or* concrete. 
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In  the  better  first-class  masonry  the  filling  stones  are  but  little 
smaller  than  the  face-stones;  the  depths  are  only  from  ^  to  1  inch 
less.  The  beds  should  be  fairly  well  dressed,  but  the  vertical  sides 
are  only  hammer-dressed  to  approximately  plane  surfaces.  They 
should  bond  well  with  each  other,  and  with  the  tails  of  the  headers 
of  the  face-walls.  The  joints  or  spaces  between  the  backing  stones 
vary  from  2  to  6  inches.  These  should  be  filled  with  mortar  into 
which  the  smaller  stones  or  spawls  are  pressed.  When  rubble 
backing  is  used  the  space  is  often  filled  with  stones  of  all  sizes,  and 
the  interstices  filled  with  grout,  a  very  liquid  mortar.  The  filling  is 
often  made  with  concrete  rammed  in  layers.  Each  course  of  ma- 
sonry should  be  completed  throughout  before  building  the  course 
or  a  part  of  it  next  above. 

513.  Good  ashlar  masonry  will  require  from  i  to  ^  barrel  of 
cement  per  cubic  yard  of  masonry  when  mixed  1  cement  and  2 
sand. 

514.  Strength  of  Stone  Masonry. — There  is  want  of  both  theo- 
retical and  practical  information  on  the  resistance  to  crushing  of 
stone  masonry.  It  is  variously  estimated  at  from  one  quarter  to 
one  half  the  resistance  to  crushing  of  the  stone  composing  it.  It 
depends  on  the  strength  and  sizes  of  the  stones  used,  the  accuracy 
of  the  dressing,  the  proportions  of  headers  and  stretchers,  the 
thickness  of  the  mortar  between  the  stones,  and  the  strength  of  the 
mortar.  The  only  reliable  information  we  have  on  this  subject  is 
the  actual  loads  borne  by  existing  structures,  some  examples  of 
which  have  been  given  in  this  volume.  This  information,  however, 
does  not  tell  us  what  such  structures  will  support,  but  only  what 
they  do  support.  The  distribution  of  the  entire  superincumbent 
load  or  weight  is  assumed  to  be  uniform  over  the  entire  area  of  the 
base.  This  may  or  may  not  be  true,  and  evidently  cannot  be  true 
in  the  case  of  high  structures  exposed  to  even  light  winds.  From 
the  actual  existing  loads  upon  many  structures  in  this  and  other 
countries,  Mr.  Baker  gives  the  following  as  safe  loads.  The  ton  = 
2000  pounds. 

Tablb  LII. 

Concrete  ....     5  to  15  tons  per  square  foot,  or  70  to  210  lbs.  per  square  inch. 

Rubble 10  "  15    "      •*        '  140  "  210   **      "        " 

Squared  sionu   15  *' 20    '*      "        '*        "      "210  "280   "      "        " 

Limestoue  )       20  "  25    "      "        "        *•      "280  "  360   '*      "        "        •* 
ashlar     f 

Granite  ashlar        30        "      "        "        "      "       420     *  "      "        «•        •• 
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516.  Pointing  Masonry, — For  this  purpose  the  best  cement 
should  be  nsed.  It  should  be  either  neat  cement  or  1  cement  and 
1  sand.  The  operation  consists  in  cleaning  out  the  joints  of 
masonry  to  the  depth  of  from  1  to  H  inches,  and  refilling  the  space 
with  the  pointing  mortar,  mixed  rather  dry,  and  forced  into  the 
joint  under  considerable  pressure. 

As  ordinarily  done  it  is  of  little  value,  and  is  mainly  used  to 
give  a  neat  finish  to  the  joint.  The  object  of  pointing  is  the 
protection  of  the  mortar-joint  from  exposure,  in  order  to  prevent 
disintegration  from  alternate  freezing  and  thawing  or  other  atmos- 
pheric infiuences. 

616.  Measurement  of  Masonry. — The  method  of  determining 
quantities  of  masonry  in  walls  of  houses  is  usually  by  the  perch. 
This  varies  from  16  to  25  cubic  feet.  The  actuaJ  estimating  is 
governed  by  local  rules  and  customs.  For  general  engineering 
structures  the  quantities  are  estimated  in  cubic  yards,  and  on  the 
solid  content  of  the  structure. 

517.  Cost  of  Masonry. — The  cost  of  work,  though  varying  be- 
tween wide  limits,  is  of  more  importance  to  engineers  than  is  usu- 
ally accredited  to  it;  and  it  is  largely  due  to  the  ignorance  of 
engineers  of  such  subjects  that  the  cost  as  often  given  of  work  is 
so  high.  The  builder  has  the  right  to  keep  the  actual  cost  of  his 
work  a  close  secret;  it  is  to  a  certain  extent  his  private  prop- 
erty, and  depends  upon  his  skill,  judgment,  and  experience.  He 
must  know  the  fixed  relations  between  the  cost  of  labor,  of  the 
raw  materials,  and  of  the  completed  work.  While  engineers  should 
not  aim  to  expose  the  actual  cost  of  work  of  a  contractor,  thereby 
possibly  injuring  his  business,  it  is  his  duty  to  know,  as  far  as  prac- 
ticable, what  is  a  fair  cost  of  any  specified  work,  after  allowing 
for  a  fair  profit  to  the  contractor.  But  if  through  a  total 
ignorance  of  this  subject  he  lets  work  to  contractors  at  unreas- 
onably high  figures,  he  to  that  extent  fails  in  his  duty  to  his 
employers.  In  a  work  of  this  kind  it  is  impossible  to  more  than 
outline  the  elements  and  their  relative  values  in  making  up  the 
total  cost. 

Based  on  fair  average  conditions,  these  elements  are :  cost  of  the 
stone,  sand,  and  cement;  dressing  the  stone;  hauling  or  transpor- 
tation; handling  material;  plant,  such  as  derricks,  tools,  machin- 
ery, etc.;  superintendence,  clerks,  and  general  office  expenses. 
The  proportion  of  dressed  to  rough  stone  (the  latter  should  include 
the  rough  tails  of  the  face-stones  as  well  as  tlie  backing  proper) : 


588  COST  OF  STONE  MASOKRY. 


Table  LIII. 

Oostper 
cubic  yard. 

The  cost  of  quarrying  for  granite  face-stones $8.75  to  f  4.00 

"      "    "         •*  **    sandstone  and  limestone 2.50  *•    8.00 

"      *•    "         **  "    granite  rubble 2.60"    8.00 

*'      •«     "  *'  '•    limestone  rubble 1.00"     2.00 

"      "     "  **  **   sandstone  rubble 0.85  ••     1.00 

The  cost  of  cutting  and  dressing  beds  and  Joints —  square  foot. 

"      **    "      "         "         "        granite .fO.SO  to  |0,86 

"      '*     "      "  "         "        marble 0.20**     0.26. 

"      "    "      "         *•         *•        limestone  and  sandstone 0.12"    0.15 

Per  cubic  yard. 

Hauling,  per  mile,  including  handling $1.00  to  f  1.60 

Mortar 0.40  "     1,00 

Setting  stones  in  piers 1.40"    2.60 

The  above  costs  of  labor  and  raw  materials,  while  not  to  be 
taken  as  applicable  at  all  times  and  under  all  conditions^  will  serve 
as  fair  guides  in  making  approximate  estimates.  These  should  be 
modified  by  information  easily  obtained  at  the  time. 

Having  determined  upon  the  character  of  the  stone  and  masonry 
desired,  it  is  easy  to  compute  the  proportion  of  cut  to  rough  stone. 
Assuming  two  fifths  and  three  fifths  respectively,  and  the  masonry 
of  rock-faced  limestone  ashlar  containing  1000  cubic  yards,  then 
400  cubic  yards  will  be  cut  stone  and  600  cubic  yards  of  backing. 
With  52  square  feet  of  cutting  per  cubic  yard  we  have  20,800 
square  feet  of  cutting.  Taking  the  mortar  as  given  abore,  and 
two  miles  of  hauling,  the  following  limits  of  cost  per  yard  result : 

Table  LIV. 

1000  cubic  yards                          at  $2.50  =  |2.600.6o,  or  at  $8.00  =:t3,000.00 
400  cubic  yards  or  20,800  square 

feet  cutting                                at   0.12=  2.496  00,  or  at    0.15=3,120.00 

Mortar  per  1000  cubic  yards         "    0.40  =  400.00,  "  "     1.00  =  1,000.00 

1000  cubic  yards  hauled  2  miles  "    1.00  =  2.000.00,  "  "     1.60  *  8,000.00 

1000  cubic  yards  laying                "    1.40=  1.400.00,  "  "     2.60=  2,600.00 

Totals $8,796.00       *  $12,620.00 

Add  16  per  cent  profit 1 .819.40  1,898.00 

$10,116.40  $14,518.00 

Aggregate  cost  per  cubic  yard 10.  Hi  14  51  i 

Mr.  Baker  gives  for  bridge  masonry,  first  class,  from  $10  to  $20, 
with  an  average  of  $14. 
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The  purpose  of  the  above  calculation  is  rather  to  indicate  the 
elements  of  cost  and  the  mode  of  combining  them  into  the  total 
than  to  give  perfectly  accurate  results;   but  within  the  limits 
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High  Qrade  AaUUr  First  Class  Masonry  or  Ashlar  Facing 

ILCVATION 


Fig.  219. 


Cat  Backing 


Large,  Rough-Stone  Backing 

PLAN 


aboTe  deduced  first-class  masonry  of  limestone  can  be  built  with  a 
good  profit  to  the  contractor. 

618.  Figs.  218,  219,  and  220  are  part  side  elevation,  plan,  and 
vertical  cross-section,  respectively,  of  a  square-ended  bridge  pier. 
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These  figures  are  designed  to  show  side  by  side  the  general  con- 
struction with  close -dimension  stone  and  the  usual  first-class  rail- 
way masonry.  The  former  is  indicated  by  the  close  fit  of  the 
stones  and  the  exact  perpendicularity  of  fche  bed  and  side  joints,  as 
seen  in  the  left-hand  portions  of  the  drawings;  the  latter,  by  the 
want  of  regularity  in  the  dimensions  and  shapes  of  the  stones  and 
the  greater  or  less  intervals  between  the  backing-stones,  as  well  as 
of  a  perfectly  symmetrical  arrangement  of  the  headers  and  stretch- 
ers in  any  one  course.  As  good  a  bond  can  be  secured  by  a  pre- 
ponderance in  the  number  of  headers  in  one  course  and  of  stretch- 
ers in  another.  It  may  not  present  as  neat  an  appearance  on  the 
faces  of  the  wall. 


Cut  Facing  and  Backing 


Cut  Facing  with  Large 
Bough  Stone  Backing 

CROSS     SECTION 

Fig.  220. 


Some  latitude  left  to  the  builders  and  inspector  will,  as  a  gen- 
eral rule,  lead  to  better  work.  The  builder  and  inspector  alone  can 
know  the  nature  of  the  interior  bond,  as  the  apparent  showing  of 
headers  on  the  face  is  no  guarantee  of  their  lengths.  They  are 
often  only  short  blocks  set  in  the  wall  in  order  to  deceive,  and  to 
seemingly  comply  with  what  the  contractor  believes  to  be  an  oner- 
ous and  useless  requirement.  An  apparent  stretcher  is  often  a  good 
header  as  well;  in  large  piers  many  stones  will  be  used  from  3  to  4 
feet  in  length  on  the  face  and  extending  an  equal  width  into  the 
wall.     Such  stones  on  an  18-inch  course  will  contain  only  24  cubic 
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feet,  which  is  a  little  less  than  a  stone  5  X  2.5  X  2  =  25  cubic  feet, 
often  found  in  a  2-foot  course. 

In  Fig.  218,  a,  b,  c,  d,  e,f,  g  show  zigzag  joints  with  short  bond, 
resulting  from  a  series  of  headers  placed  exactly  over  the  centre  of 
short  stretches,  which  should  always  be  broken  at  intervals,  as  shown 
in  course  above  a. 

619.  There  seems  to  have  been  little  effort,  either  on  the  part 
of  theorists  or  practical  men,  to  deduce  a  formula  for  deter- 
mining the  thickness  of  house  walls,  or  any  high  thin  wall  which 
carries  only  a  vertical  load,  and  exposed  only  to  the  lateral  pressure 
arising  from  the  pressure  of  wind  or  from  heavily-weighted  floors. 
If  a  high  thin  wall  is  exposed  to  a  wind-pressure  of  50  pounds  per 
sqnare  foot  of  surface,  we  can  arrive  at  an  approximate  thickness 

at  the  base.    The  formula  for  the  pressure  of  the  wind  is  P  ———y 

in  which  P  is  the  pressure,  A  the  area  in  square  feet  of  surface 
normal  to  the  pressure,  and  V  the  velocity  in  miles  per  hour.    If, 

then,  ^  is  1  square  foot,  and  P  =  50  pounds,  V  =  VlOOOOO  =  100 
miles  per  hour.  Such  a  wind  is  a  severe  hurricane.  In  the  most 
disastrous  storms  the  wind-pressure  is  only  registered  at  from  50  to 
80  miles  per  hour,  which  corresponds  with  a  pressure  of  12.5  to  32 
pounds  per  square  foot.  Except  that  a  long  wall  may  have  a  some- 
what greater  unit  pressure  on  it  than  a  very  short  one  when  the 
wind-velocity  is  the  same,  the  length  of  the  wall  is  o 
unimportant.  Assuming  a  wall  50  feet  in  height  T 
and  1  foot  in  length  and  weighing  150  pounds  per 
cubic  foot,  which  is  about  that  of  good  granite  or 
limestone,  the  weight  of  the  wall,  Fig.  221,  will  be 

»r=  150  X  50  X  t; 

its  lever-arm  will  be,  with  respect  to  an  axis  at  ^,   1 
equal  to  it;  the  total  wind-pressure  will  be 

P  =  50  X  50  =  2500  pounds; 

and  its  resultant  acting  midway  between  D  and  ^,  its  lever-arm 
will  be  =  |A  =  25  feet.    Then,  from  the  balance  of  moments, 

150  X  50  X  ^  X  i^  =  2500  X  25  =  62,500  foot-pounds ; 

hence  the  thickness  at  base  of  the  wall  in  the  sketch  ABOD,  is  t  = 
4.1  feet.    Such  a  wall  muler  this  pressure  would  be  on  the  point  of 
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overturning^  assuming  that  the  total  pressure  acts  at  the  middle  of 
the  height.    The  weight  of  the  wall  above  that  point  is 

150  X  25  X  4.1  =  15,375  pounds, 

and  the  coefficient  of  friction  of  masonry  on  masonry  (dry)  is  0.65. 
The  total  frictional  resistance  therefore  would  be 

15,375  X  0.65  =  9993.75  pounds  >  2500  pounds; 

consequently  there  is  no  danger  of  sliding.  No  consideration  has 
been  given  of  the  adhesion  of  the  mortar  when  set.  Assuming  the 
adhesion  of  the  mortar  at  15  pounds  per  square  inch,  the  adhesive 
resistance  would  be  4.1  x  144  X  15  =  8850  pounds  >  2600,  the 
maximum  intensity  of  pressure. 

It  is  evident,  then,  that  if  the  stability  against  overturning  is 
secured  there  will  be  no  tendency  to  sliding  worthy  of  considera- 
tion. For  safety  the  wall  should  be  from  1^  to  2  times  the  thick- 
ness calculated,  or  from  6.1  to  8.2  feet.  But  in  house  walls  the  floors 
give  support  at  intervals  of  from  10  to  12  feet.  This  unsupported 
length  should  be  taken  as  the  height  in  the  formula,  which  would 
then  become 

150  X  10  X  if*  =  50  X  10  X  5;    .-.  t  =  1.8  feet 

at  the  floor  of  the  upper  story.  No  mention  is  made  of  the  sup- 
port given  by  the  partition  walls,  and  an  excessive  wind-pressure 
has  been  used.  It  would  seem,  therefore,  safe  to  use  a  thickness  of 
from  12  to  16  inches  at  the  extreme  top  for  any  height  of  wall ;  and 
adding,  say,  4  inches  for  each  12  feet,  the  thickness  at  the  base  for 
a  50-foot  wall  would  be  from  28  to  32  inches,  and  for  a  100-foot 
wall  44  to  48  inches,  which  would  doubtless  be  good  practice. 

520.  For  piers  of  bridges  such  calculations  would  not  be  neces- 
sary under  any  ordinary  conditions,  as  the  top  dimensions  required 
for  the  proper  rest  and  bearing  of  the  bridge-spans  will  give,  with 
the  ordinary  batter  of  i  inch  all  around,  or  1  inch  per  foot  of  verti- 
cal height,  a  structure  of  ample  stability  against  wind  and  ice  pres- 
sure. The  top  dimensions  vary  from  6  x  20  feet  to  12  x  35  to  40, 
which  would  give  at  depth  of  40  feet  from  the  top,  and  1  inch 
batter,  9'  4"  x  23'  4",  or  15'  4"  x  38'  4".  At  or  about  such  a 
depth  rounded  ends  are  added,  which  would  increase  the  length  by 
the  thickness,  and  there  would  result  9'  4"  X  32'  8"  or  15'  4"  x 
53'  8";  and  a  batter  of  1  inch  for  a  distance  below  this  of  60  feet 
would  give  14'  4"  x  37'  8",  or  20'  4"  X  58'  8",  at  the  bottom  of  the 
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neat  line.  The  rounded  ends  reach  from  a  few  feet  below  low  water 
to  a  little  above  high  water.  Piers  may  have  squared  or  rounded 
ends  above  this  plane.  Adding  3  feet  all  round  for  three  or  four 
offset  courses,  each  2  to  3  feet  thick,  and  we  have  for  extreme  bot- 
tom dimensions  26'  4"  X  64'  8",  and  a  height  over  all  of  108  feet. 
This  general  construction  is  typical  of  nearly  all  the  modei*n  bridge- 
piers  for  long  spans  over  navigable  rivers.  The  dimensions  may  be 
a  little  greater  or  a  little  less;  the  basis  of  calculation,  however,  will 
be  the  same. 

The  ends  may  be  triangular,  circular,  or  elliptical,  as  the  engi- 
neer may  deem  best.  For  piers  on  land  the  ends  are  usually  square 
to  the  sides,  the  main  objects  of  curved  or  pointed  ends  being  to 
give  additional  stability  against  shocks  or  blows,  or  severe,  steady 
pressures  arising  from  winds,  ice  and  drift  gorges.  As  they  act  as 
cut-waters  or  starlings,  it  is  only  necessary  to  place  them  at  the  up- 
stream end  of  piers,  but  for  appearance  and  symmetry  they  are 
placed  at  both  ends.  In  rivers  where  these  gorges  are  very  danger- 
ous to  the  structure  a  well-defined  starling  or  cutwater  is  provided 
at  the  upper  end,  the  lower  end  being  built  square.  This  starling 
extends  from  a  little  above  the  danger  line  to  a  point  4  or  5  feet 
below  low  water,  the  extreme  edge  sloping  downward  at  an  angle  of 
about  45°  to  the  vertical.  This  forms  a  sloping  cutting  edge,  upon 
which  the  ice  or  drift  slides  upward.  Splitting  and  separating,  it 
falls  off  sideways,  and  is  carried  past  the  piers  by  the  current.  It 
also  presents  a  square  obstruction  to  a  rapid  current,  which  would 
cause  a  deflection  downwards  of  the  current,  often  resulting  in 
scouring  and  undermining  the  structures. 

The  pressure  of  ice  acting  upon  a  square  surface  opposed^  to  its 
motion,  when  in  thick  sheets  of  great  extent,  has  been  regarded  as 
equal  to  its  resistance  per  square  foot  to  crushing  multiplied 
by  an  area  equal  to  the  product  of  the  width  of  the  obstruc- 
tions and  the  thickness  of  the  ice,  this  pressure  acting  with 
a  lever-arm  equal  to  the  distance  between  the  centre  of  grav- 
ity of  the  area  pressed  and  the  base  of  the  pier,  and  that  this 
overturning  moment  is  resisted  by  the  moment  of  the  weight 
of  the  pier  and  of  that  of  the  load  upon  it.  The  other  over- 
turning moments  are  due  to  the  force  of  the  current  on  the  pier, 
and  the  force  of  the  wind  on  the  pier  and  the  superstructure 
acting  with  their  respective  lever-arms,  which  are  the  half  height  of 
the  pier,  and  the  height  of  the  pier  increased  by  the  half  height  of  the 
superstructure^  approximately,  for  the  wind-pressure,  and  one  half 
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the  depth  of  the  water  for  the  current ;  or,  as  all  of  these  forces  are 
assumed  to  act  horizontally,  they  can  be  combined  Jnto  a  single 
resultant,  whose  lever-arm  can  readily  be  determined  when  the  rela- 
tive magnitude  of  the  several  pressures  are  known.  The  solution 
of  the  problem  is  then  similar  to  that  explained  in  paragraph  519 
for  determining  the  thickness  of  a  wall  to  resist  wind-pressure. 

But  giving  .unusual  values  to  the  external  pressures  and  their 
lever-arms,  reducing  the  weight  of  the  structure  and  its  load  to  a 
minimum,  and  assuming  the  concurrent  action  of  all  the  press- 
ures and  weights  under  unfavorable  conditions,  a  simple  calcula- 
tion will  prove  that  the  dimensions  of  piers  required  by  other 
considerations,  and  as  above  given,  will  provide  ample  stability. 
The  resistances  of  the  materials  to  crushing  are  so  far  in  excess  of 
any  crushing  load  that  will  be  imposed  upon  them  that  this  ques- 
tion need  not  be  considered. 

There  is,  however,  another  view  of  the  subject  which  is  not 
probably  understood,  but  is  evidently  worthy  of  consideration,  and 
which  can  be  expressed  in  a  simple  formula.  It  is  known  that  a 
solid  mass  of  ice  surrounding  a  pier  will  and  does  exert  a  very  great 
lifting-power  upon  piles  or  piers  enclosed  in  its  grasp.  This  force 
has  been  estimated  at  18,000  to  20,000  pounds  per  pile,  or,  say,  1 
linear  foot  of  ice  field;  and  a  pier  weighing  1000  tons  was  lifted  and 
held  up  under  a  passing  train.  This  was  attributed  to  adhesion  of 
the  ice  to  the  pier  during  the  expansion  of  the  ice  arising  from  a 
change  in  its  temperature.  This  expansion  may  be  resisted  up  to 
the  point  of  crushing  the  ice,  or  the  force  may  be  considered  as 
acting  by  impact  rather  than  by  a  steady  squeeze  or  pressure  which 
is  simply  the  force  of  expansion.  With  ice  2  feet  thick  acting  on 
the  end  of  a  pier  15  feet  wide,  and  allowing  20  tons  to  the  square 
foot,  the  pressure  would  be  600  tons. 

If,  however,  we  assume  the  pressure  to  be  in  the  nature  of  an 

1  W 
impulse,  we  may  use  the  following  formula :  u  =  — — t;*.    The  great- 

est  distance  that  a  squeeze  can  be  transmitted  or  propagated  through 
ice  to  an  obstacle  beyond  is  taken  at  1200  feet,  as  the  ice  crushes  and 
the  residual  force  is  expended  in  breaking  it  up.  If  the  force  is 
impulsive,  the  impulse  cannot  be  transmitted  to  so  great  a  distance; 
but  assuming  the  limit  of  1200  feet,  which  is  the  limit  for  the 
modulus  of  cohesion  of  ice  under  compression,  then,  with  h  repre- 
senting the  breadth  of  a  field  of  ice,  d  the  depth,  and  the  weight 
per  cubic  foot  of  ice  =  57.4  pounds.    Then  W  =  (1200  xbxd)  57.4, 
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g  =  32.2;  and  substituting  in  the  above  expression,  the  greatest 

(1200  X  hd)blA 
possible  effect  of  ice  field  over  1200  feet  =  w  =  ■-"     nr^        '  ^\ 

the  velocity  v  being  that  which  the  field  of  ice  has  acquired  at  the 
moment  of  impact.  This  formula  was  used  in  calculating  the 
dimensions  of  the  ice  barriers  used  to  form  the  ice  harbor  at  the 
head  of  Delaware  Bay. 

Should  a  long  broad  field  of  ice  move  with  anything  approach- 
ing a  flood  velocity  of  from  6  to  10  miles  per  hour  or  from  8.8  to 
14.7  feet  per  second,  the  resulting  value  of  u  would  be  practically 
irresistible.  But,  fortunately,  ice  would  be  rotten  before  such  a 
flood  could  be  practicable,  and  even  with  very  much  lower  velocities 
a  large  mass  of  ice  would  rarely  acquire  the  velocity  of  the  current 
before  reaching,  an  obstruction,  such  as  a  river  pier.  Assuming  the 
velocity  of  ice  at  1  mile  per  hour,  or  1.47  feet  per  second,  then  with 
b  =  520  feet,  rf  =  1.5  feet,  v  =  1.47  feet, 

1200X520X1.5X57.4X2.16      ,  qao  aaa  *    ^  a      * 

u  = rj-T =  1,802,000  foot-pounds  of  energy 

=  w's;  w'  being  the  weight  of  the  obstruction,  and  s  being  the  dis- 
tance through  which  it  is  moved.  A  large  pier  caiTying  two  520- 
foot  spans  would  weigh,  say,  5250  tons  or  11,600,000  pounds  =  w'\ 
then  8  =  0.15  foot,  or,  assuming  the  greatest  effect  =  ^^w,  s  =  0.075 
foot.  In  other  words,  the  pressure  would  be  sufficient  to  move 
such  a  structure  through  a  distance  of  over  0.15  foot,  or  ^  inch. 

This  is  sufficient  to  indicate  at  least  the  tremendous  strain  to 
which  many  piers  are  subjected  when  exposed  to  such  conditions 
and  the  necessity  of  a  well-defined  cutwater.  For  this  reason  open- 
work structures,  such  as  screw-piles,  were  deemed  best  for  landing- 
piers,  lighthouses,  jetties,  bulkheads,  wharves,  etc.,  at  the  head  of 
Delaware  Bay. 

The  construction  and  stability  of  abutments  for  bridges  will  be 
considered  under  the  head  of  Retaining- walls,  the  only  difference 
being  that  the  top  dimensions  are  greater  than  for  retaiiiing-walls, 
since  provision  must  be  made  to  carry  one  end  of  the  end  bridge* 
span.  This  is  called  a  bridge-seat,  which  is  from  3  to  6  feet  wide, 
and  also  a  breast-wall  about  2  to  2^  feet  thick. 

BRICK   MASONRY. 

621.  There  is  little  opportunity  of  varying  the  character  of 
the  construction  of  brickwork,  as  all  of  the  blocks  are  of  the  same 
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shape  and  size,  being  rectangular  prisms,  and  with  little  or  no 
variation  in  the  dimensions  in  any  one  locality.  The  standard 
dimensions  are  8J  x  4  X  2 J  inches. 

If  the  walls  are  built  with  headers  and  stretches  alternating  in 
each  course^  that  is,  a  header  placed  over  the  middle  of  each  stretcher 
below  it,  the  bond  is  known  as  the  Flemish  bond.  It  is  easier  to 
build  and  maintain  a  bond  of  about  one  fourth  of  a  brick;  but  since 
the  tendency  for  the  back  to  separate  from  the  front  is  less  than 
that  to  split  in  a  plane  perpendicular  to  the  face  or  length  of  the 
wall,  it  is  evident  that  more  stretchers  are  required  than  headers  in 
order  to  give  equal  strength  in  both  directions.  The  tendency  has 
consequently  been  to  use  the  English  bond,  that  is,  one  or  more 
complete  courses  composed  entirely  of  stretchers,  and  then  to  intro- 
duce a  complete  course  of  headers,  the  relative  number  of  courses 
being  determined  by  the  relative  importance  of  transverse  and  lon- 
gitudinal bond. 

A  proportion  of  two  courses  of  stretchers  to  one  course  of  head- 
ers will  provide  equal  tenacity  lengthwise  and  crosswise.  Such  an 
arrangement  for  the  walls  of  houses  is  desirable  if  the  joists  of  floors 
are  so  bedded  as  to  throw  an  equal  pressure  on  both  the  front  and 
back  of  the  wall.  But  as  work  is  ordinarily  executed  it  is  impos- 
sible to  form  any  idea  of  either  the  distribution  of  the  pressure  or 
the  relative  value  of  the  bond,  as  no  attempt  is  made  to  pro- 
portion the  number  of  headers  and  stretchers,  and  it  is  often  diffi- 
cult to  determine  which  bond  has  been  adopted.  It  is  more  difficult 
to  use  the  English  bond  and  properly  break  the  joints,  as  there  are 
twice  as  many  joints  in  a  course  of  headers  as  in  a  course  of  stretchers. 

In  a  tall  brick  chimney,  owing  to  the  short  lengths  of  the  sides 
and  to  its  sustaining  only  its  own  weight,  there  is  little  danger  of 
the  back  separating  ffom  the  front,  but  there  is  great  danger  of 
splitting  longitudinally;  consequently  it  is  only  necessary  to  place 
the  courses  of  headers  at  intervals  of  four  or  five  courses. 

622.  Footing-courses  in  brickwork,  unless  the  offsets  are  very 
narrow,  should  be  laid  entirely  as  headers;  and  even  then  the  ad- 
hesion of  the  mortar  must  be  relied  upon  to  distribute  the  pressure 
where  more  than  two  footing-courses  are  used.  But  on  this  point 
the  strength  of  brickwork  is  mainly  dependent  upon  the  strength 
of  the  mortar  in  all  its  parts.  For,  as  has  been  stated,  owing  to 
the  small  bond  or  overlap  possible,  so  long  as  the  tenacity  or  ad- 
hesion of  the  mortar  is  less  than  the  strength  of  the  brick,  fracture 
will  follow  the  joints,  and  there  is  no  advantage  in  having  it  of 
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greater  strength.  All  experiments  prove  that  with  weak  mortar 
nothing  is  gained  by  increasing  the  strength  of  the  brick,  but  that 
the  strength  is  increased  as  the  strength  of  the  mortar  increases  up 
to  the  limit  above  mentioned. 

523.  Leaving  out  the  questions  of  certain  advantages  supposed 
to  accnie  from  hollow  walls,  it  is  a  doubtful  question  whether  it  is 
necessary  to  fill  all  interior  spaces  with  mortar.  That  it  will 
make  a  stronger  wall  cannot  be  questioned.  But  it  is  a  most  dif- 
ficult, if  not  an  impracticable,  task  to  make  brick  masons  thoroughly 
fill  the  wall  with  mortar.  If  specified,  contractors  will  certainly 
charge  more,  and  it  is  doubtful  then  whether  it  will  be  done.  But 
the  usual  method  of  not  even  filling  the  vertical  joints  between 
face-bricks  cannot  be  too  severely  condemned,  and  should  not  be 
allowed  under  any  conditions.  In  the  writer's  experience,  another 
matter  of  vast  importance  is  grossly  neglected,  unless  not  only  close 
inspection  is  required,  and  the  work  rigidly  condemned  when  the 
requirement  is  neglected— that  of  keeping  the  bricks  thoroughly 
saturated  with  water.  The  practice  of  the  carriers  of  dipping  the 
bricks  in  a  barrel  of  water  and  at  once  loading  them  into  hods  and 
delivering  them  on  the  walls  is  of  no  benefit. 

524.  There  is  also  much  looseness  allowed  in  the  use  of  filling- 
in  brick,  which  are  often  so  soft  aud  under  burnt  that  they  have 
little  strength,  and  can  add  nothing  to  the  crushing  resistance  of 
the  wall.  If  all  joints  were  thoroughly  filled  there  might  be  some 
excuse  for  using  them.  It  is  true  that  it  is  not  necessary  they 
should  be  as  well-shaped  or  as  hard-burnt  as  the  face-brick,  but  a 
reasonable  degree  of  hardness  should  be  required. 

525.  So  far  as  good  ordinary  bricks  are  concerned,  the  walls  buik 
of  them  will  have  sufficient  strength  to  resist  crushing  when  used 
even  in  the  highest  houses.  There  are  a  number  of  examples  in 
which  the  pressure  reaches  from  6  to  15  tons  per  square  foot;  and 
experiments  indicate  that  the  ultimate  resistance  to  cinishing  of 
brickwork  in  lime  mortar  is  110  tons  per  square  foot,  and  if  laid  in 
1  to  2  cement  mortar  is  180  tons,  giving,  respectively,  11  and  18 
tons,  with  a  factor  of  safety  of  10. 

There  is  much  distrust,  however,  of  brickwork  for  high  and 
heavy  piers  to  carry  long  spans  of  bridges,  although  the  pressures  at 
the  base  would  be  usually  within  the  limits  mentioned  above. 
Under  the  building  laws  of  Chicago  the  load  on  brickwork  is  lim- 
ited to  18,000  pounds  per  square  foot  when  laid  in  ordinary  cement 
and  25,000  in  Portland  cement,  or  from  8  to  11  tons,  nearly. 
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528.  The  distrnst  of  brickwork  arises  largely  from  the  uncer- 
tainty of  securing  large  quantities  of  good  brick,  and  the  difficulties 
in  handling  large  quantities,  and  of  putting  them  to  satisfactory 
tests;  in  addition  to  the  smallness  in  the  size  of  the  blocks  com- 
posing a  pier  liable  to  abrasions,  shocks,  and  continuous  yibrations 
from  passing  trains.  Moreover,  a  simple  calculation  will  show  that 
as  much  as  800,000,  1,000,000,  or  more  pounds  may  be  concentrated 
at  the  foot  of  one  end  post  of  a  long  span,  which,  even  with  large 
raising-stones  and  iron  bolsters  and  bed-plates,  will  throw  con- 
siderable pressure  on  a  small  area  of  the  masonry  below.  These  are 
dimensioned  so  that  the  pressure  per  square  inch  on  the  masonry 
below  shall  not  exceed  from  200  to  250  pounds,  or,  say,  from  28  to 
36  square  feet,  requiring  stones  from  5.3  to  6.0  feet  square  and  from 
18  to  24  inches  thick.  Such  stones  or  bed-plates  require  both  wide 
and  long  piers  on  top.  It  would  be  specially  desirable  to  have  the 
resultant  pressure  well  back  from  the  sides,  and  nearer  the  centre 
line  of  the  pier  in  brick  masonry,  as  the  shocks  and  vibrations  are 
somewhat  severe  near  the  top  of  the  pier.  Such  considerations 
would  require  much  wider  piers  in  brick  than  in  stone. 

For  the  above  reasons  there  seems  to  be  few  if  any  large  brick 
piers  carrying  very  long  spans ;  in  fact  for  even  low  piers  and  short 
spans,  brick  is  seldom  used  except  in  those  sections  of  the  country 
where  it  is  very  difficult  or  exceedingly  expensive  to  obtain  stone. 

The  longest  span  resting  on  brick  piers  of  which  the  writer  has 
any  knowledge  was  constructed  by  him  across  the  Tombigbce 
River  in  Alabama.  The  rest  piers  undei:  coping  were  7  X  26  feet, 
carrying  one  end  of  a  275-foot  span  and  one  end  of  a  draw-span 
260  feet  from  end  to  end.  The  275-foot  span  with  its  load  would 
weigh  approximately  1,400,000  pounds,  and  there  is  concentrated  at 
the  foot  of  one  end  post  350,000  pounds.  The  bed-plate  is  4  X  5::r-.20 
square  feet,  giving  a  pressure  on  the  coping  of  about  17,500  pounds 
per  square  foot,  or  122  pounds  per  square  inch.  The  coping-stone 
was  brought  from  New  York.  By  using  two  coping-courses  the 
pressure  was  distributed  over  at  least  twice  the  above  area,  reducing 
the  pressure  to  about  60  pounds  per  square  foot  on  the  brick- 
work. This  brought  the  load  per  square  foot  well  within  very 
reasonable  limits  for  good  brick  in  cement  mortar. 

527.  In  the  Southern  States  brick  piers  and  abutments  are  very 
commonly  used.  Owing,  however,  to  the  unreliable  nature  of  the 
foundation-beds,  which  are  often  carelessly  prepared,  they  fre- 
quently split  even  under  very  slight  want  of  uniformity  in  settling. 
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This  can  be  easily  prevented  by  the  use  of  hoop-iron  laid  in  the 
joints,  and  bent  at  its  ends  into  the  joints  at  right  angles  to  it. 
These  strips  are  laid  breaking  joints  with  each  other,  and  have  the 
effect  of  causing  the  entire  structure  to  act  as  a  unit. 

528.  For  engineering  purposes  it  is  better,  as  is  usually  the 
case,  to  measure  brickwork  either  in  cubic  yards  or  to  reduce  it  to 
a  basis  of  thousands  by  allowing  so  many  brick  to  the  cubic  yard. 
It  requires  with  bricks  measuring  8^  x  4  x  2^,  and  with  joints  from 
i  to  f  inch  in  thickness,  something  under  500  bricks  to  the  cubic 
yard;  and  allowing  for  waste,  at  least  500  will  be  required.  For 
house  walls  it  is  measured  usually  by  the  perch  or  face  measure- 
ment.   This  varies  in  different  localities. 

529.  Amount  of  Mortar  Bequired. — The  quantity  of  mortar  per 
cubic  yard  of  brickwork  varies  with  the  dimensions  of  the  bricks 
and  the  thicknesses  of  the  joints  allowed.  Mr.  Baker  gives  the  fol- 
lowing quantities,  using  the  standard  bricks  8^  X  4  x  2^  inches: 

Table  LV. 

Joints  i"  thick   from        0.10  to  0.15  cu.  yd.  mortar  per  cu.  yd.  masonry. 
•  •      i"  to  I"  thick  from  0.25  to  0.80  " 
f'tof     "       "     0.35  to  0.40 
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And  with  fair  averages  of  cement  we  may  estimate  that  with  2 
sand  and  1  cement  it  will  require  about  2.75  barrels  and  0.80  cu.  yd. 
of  sand  per  cubic  yard  of  mortar;  with  3  sand  and  1  cement,  1.9  bar- 
rels cement  and  0.90  cubic  yard  of  sand;  with  4  sand  and  1  cement, 
1.6  barrels  cement  and  0.95  cubic  yard  of  sand.  Hence  for  the 
J  inch  joint  there  will  be  required  0.69  barrel  of  cement  and  0.2 
cubic  yard  of  sand  per  cubic  yard  of  masonry  for  1  cement  and  2 
sand  mortar. 

530.  A  bricklayer  and  one  helper  will  lay  from  1000  to  2000 
bricks  per  day,  depending  on  the  character  of  the  work,  which  is 
about  equivalent  to  from  2  to  4  cubic  yards. 

531.  Cost  of  brickwork  in  buildings  is  from  910  to  $13  per 
thousand;  on  an  average,  $11  per  thousand,  or  $7  per  cubic  yard. 
In  all  matters  of  cost,  a  great  deal  depends  upon  the  quality  re- 
quired, and  cost  of  transportation.  A  similar  calculation  of  the 
cost,  when  the  elements  are  known,  can  be  made  as  for  stone 
masonry. 

632.  For  all  important  purposes,  such  as  facing  of  houses,  arch- 
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Tings,  piers  and  abatments,  sewers,  etc.,  it  is  usual  to  specify  that 
the  bricks  shall  be  of  the  best  quality,  hard-burned,  compact,  of 
uniform  texture,  and  size,  regular  in  shape,  with  well-defined  angles 
and  adjacent  faces  at  right  angles  to  each  other;  shall  show  no  flaws 
or  cracks,  and  shall  give  a  clear,  ringing  sound  when  struck  together, 
and  must  not  absorb  more  than  from  4  to  6  per  cent  of  water,  as 
determined  by  weighing  them  dry  and  after  being  soaked  in  water 
from  1  to  3  days.  Sometimes,  in  addition,  it  is  prescribed  that 
they  shall  give  ^oni  4000  to  6000  pounds  crushing  strength. 

533.  For  ordinary  purposes  it  would  seem  that  whether  brick 
or  stone  should  be  used  is  purely  a  question  of  cost.  Bricks  weather 
and  stand  the  effects  of  acid  atmospheres  better  than  many  varie- 
ties of  stone,  and  are  little  inferior  to  some  of  the  harder  stones. 
They  resist  fire  better  than  granite  or  limestone.  Brick  walls  are 
considered  the  best  barriers  to  the  spread  of  conflagrations.  Less 
plant,  in  the  way  of  machinery,  derricks,  etc.,  is  required  in  build- 
ing either  walls  or  massive  structures.  It  is  easier  to  build  arches 
or  tunnel  linings  with  bricks  than  with  stone.  For  reasons  already 
stated,  it  would  not  be  desirable  or  economical  to  build  very  high 
piers. 

634.  The  following  genieral  rules  should  be  observed  in  build- 
ing all  kinds  of  masonry  structures: 

(1)  All  porous  stones  and  bricks  should  be  thoroughly  saturated 
with  water  before  bedding  them  on  a  layer  of  mortar.  This  applies 
especially  to  porous  sandstones  and  bricks,  and  is  absolutely  essen- 
tial in  hot,  dry  weather. 

Granites  and  limestones  absorb  such  a  small  per  cent  of  water 
that  it  is  only  necessary  to  sprinkle  a  little  water  over  the  mortar 
just  before  bedding  a  stone.  This  removes  the  dust  from  the  bed 
of  the  stone  and  insures  a  better  adhesion.  Water  poured  on  iu 
quantities  does  more  harm  than  good. 

(2)  All  spaces  between  stones  should  be  filled  completely  with 
mortar.  Where  these  are  over  an  inch  in  width  the  mortar  should 
be  first  put  in  place,  and  chips  of  stone  or  spawls  should  be  either 
driven  or  pressed  into  the  mortar.  Under  no  circumstances  should 
the  spaces  be  filled  with  stone  and  then  an  effort  be  made  to  fill 
under  and  around  them  with  mortar.  It  cannot  be  done,  except  by 
grouting  the  work,  which  the  writer  does  not  recommend. 

(3)  All  stratified  stone  should  be  bedded  with  the  strata  normal 
to  the  pressure  upon  them;  that  is  usually  horizontal,  as  the  loads 
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and  pressures  are  usnally  vertical.    Exceptions  will  be  noted  nnder 
Betaining-walls. 

(4)  In  any  but  rnbblework  the  courses  should  all  be  laid  nor- 
mal to  the  loads  or  pressures — i.e.,  horizontal. 

(5)  Usually  it  is  prescribed  that  the  largest  stones  shall  be  laid 
in  the  foundation  courses.  This  is  frequently  done  to  avoid 
labor  and  strain  on  machinery.  It  is  certainly  not  advisable  in 
second-class  masonry,  as  a  uniform  distribution  of  large  and  small 
stones  will  conduce  to  a  better  and  stronger  structure.  In  first- 
class  masonry,  with  no  course*less  than  one  foot  in  thickness,  it 
may  safely  be  said  that  it  is  a  matter  of  but  little  importance 
whether  the  depth  of  the  courses  decrease  regularly  from  bottom 
to  top,  or  whether  some  of  the  thicker  courses  are  found  high  up 
on  the  walls.  Appearances  alone  seem  to  require  all  of  the  thick 
courses  at  the  bottom,  and  usually  these  are  below  ground  or  under 
water. 

A  blind  following  of  this  rule  often  places  the  thinnest,  narrow- 
est stretchers,  the  most  inferior  and  shortest  headers,  immediately 
under  a  single  course  of  coping-stones.  It  would  seem  wise,  at 
least,  to  require  maximum  widths  of  beds  for  the  courses  immedi- 
ately below  the  coping,  or  to  use  deeper  courses;  or  not  only  to 
allow,  but  require,  both  conditions. 

Fortunately  with  large  dimension  stones  it  is  next  to  impossible 
to  build  a  structure  that  will  not  be  capable  of  standing  any  but 
the  most  unprecedently  destructive  agencies. 

CONCRETE    PIERS. 

535.  Concrete  has  been  used  for  the  foundations  of  all  kinds  of 
structures,  from  the  smallest  to  the  largest;  usually,  however,  sur- 
rounded by  the  natural  earth  on  land,  or  enclosed  in  iron  or  timber 
walls,  well  tied  together,  when  under  water.  It  has  also  been  ex- 
tensively used  for  the  filling  between  the  face-walls  of  large  and 
high  piers,  the  headers  tying  the  face-walls  well  into  the  mass  of 
concrete.  The  theory  of  such  structures  is  evidently,  first,  that 
masses  of  concrete  require  some  support  until  the  cement  has  had 
time  to  set;  and,  second,  that  even  after  setting  it  requires  some 
protection  against  exposure  to  atmospheric  infiuences,  and  against 
disintegration  from  abrasion  and  shocks.  For  these  reasons  few, 
if  any,  large  and  high  piers  have  been  built  entirely  of  concrete, 
from  bottom  to  top,  especially  in  deep  rivers  with  rapid  currents. 
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But  many  structures  on  land,  including  piers  and  abutments  of 
greater  or  less  magnitude,  have  been  thus  constructed. 

536.  It  can  be  safely  asserted  that  for  small  arches,  culyerts,  re- 
taining-walls,  etc.,  concrete  will  fulfil  every  requirement  of  strength 
and  stability,  and  that  economy  alone  need  be  considered.  The 
cement  may  either  be  the  ordinary  or  the  Portland,  depending  on 
the  magnitude  and  the  importance  of  the  structures. 

Good  concrete  can  be  made  at  a  cost  of  from  94  to  $6  per  cubic 
yard.  The  contract  prices  range  from  $6  to  19  per  cubic  yard,  ac- 
cording to  the  kind  and  cost  of  centent  used,  and  the  proportions 
of  sand  and  brokea  stone  to  the  cement.  A  fair  analysis  of  the 
cost  is  as  follows,  per  cubic  yard  of  concrete: 

Quarrying  stone,  $0.50;  breaking  stone,  10.50;  1.3  barrels  £o- 
sendale  cement  @  $1.15  =  $1.50;  hauling  stone,  $0.50;  making 
and  laying,  $0.50;  sand,  $0.50.  Total,  $4  per  cubic  yard.  For 
Portland  cement  add  about  $2,  making  $6.  It  will  generally  be 
found  that  where  one  element  costs  less,  another  will  cost  more. 

As  a  rule,  therefore,  concrete  will  be  cheaper  than  brick  or  stone 
masonry.  The  cost  of  rubble  will  usually  be  something  less,  cer- 
tainly for  cost  of  breaking  if  for  nothing  else,  and  is  considered  by 
many  equally  good— and  doubtless  it  is  for  many  purposes.  But 
ease  of  handling,  facility  with  which  it  can  be  made  to  conform  to 
irregularities,  rapidity  with  which  it  can  be  built,  and  the  almost 
perfect  homogeneousness  of  the  mass,  all  conspire  to  render  con- 
crete the  most  useful  building  material  used  by  engineers. 

537.  Where  good  broken  stone,  sharp  clean  sand,  and  good 
Portland  cement  are  used,  the  writer  can  see  no  valid  objection  to 
concrete  for  piers  and  abutments,  provided  they  are  not  built  too 
rapidly  and  not  loaded  at  too  early  a  period.  This  opinion  is  based 
upon  good  and  reliable  precedents.  A  few  examples  are  given 
below. 

Concrete  piers  for  a  railway  in  the  Island  of  Jamaica,  carrying 
arches  of  50-foot  spans :  Piers  48  feet  high,  6  x  16  feet  at  top,  7  feet 
6^  inches  X  19  feet  3  inches  at  bottom;  width  at  bottom  of  footing- 
courses,  11  feet.  This  is  about  the  largest  structure  of  its  kind  in 
the  world.  The  piers  up  to  the  springing  line  are  built  of  a  casing 
of  concrete  blocks  18  x  9  X  9  inches,  laid  header  and  stretcher,  and 
the  filling  between  of  cement  concrete.  All  concrete  was  composed 
of  1  Portland  cement,  3  sand,  and  6  parts  broken  stone.  Sand  and 
cement  were  first  mixed  with  water,  and  the  mortar  then  mixed  by 
hand  with  the  broken  stone,  1  cubic  yard  to  the  batch.    This  was 
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then  deposited  in  place  in  small  boxes  and  not  afterwards  disturbed. 
The  joints  between  the  blocks  were  filled  with  cement  mortar. 
The  construction  of  the  arches  will  be  described  under  the  head  of 
Arches. 

Another  example :  Piers  80  feet  high^  carrying  arches  of  40  to 
45  foot  spans^  in  Spain  and  Scotland.  In  these  piers  layers  of 
concrete  and  large  stones  alternated.  The  large  stones  sometimes 
weighed  as  much  as  2  tons.  Average  proportions  of  concrete  TO 
per  cent^  and  with  the  small  stones  76^  per  cent.  2680  cubic  yards 
laid  in  21  weeks, — an  average  of  from  12  to  25  cubic  yards  per  day. 
The  concrete  was  deposited  in  casings  of  timber,  which  were  not 
removed  for  10  days  from  any  given  section.  It  would  have 
required  double  the  number  of  men  to  have  used  masonry  instead 
of  concrete.  The  cement  was  exposed  in  a  dry  place,  turned  over, 
and  allowed  to  cool.  Weighed  9u  pounds  per  cnbic  foot.  Kesidue 
on  a  No.  50  sieve,  2500  meshes,  did  not  exceed  20  per  cent.  Stood 
a  tensile  strain  of  500  pounds  per  square  inch  when  7  days  old. 
Concrete  composed  of  1  cement,  5  ballast.  The  ballast  consisted  of 
broken  stone  or  slag  and  sand.  The  ingredients  were  .mixed  first 
dry,  and  then  with  water. 

Another  cement  had  a  residue  of  only  10  per  cent  on  a  No.  50 
sieve ;  had  a  tensile  strength  of  350  pounds  per  square  inch. 

The  following  are  the  proportions  of  the  ingredients  used :  ' 

0.304  cu.  yd.  rubble  stone,  measured  solid; 

0.684  "    "     broken    "      measured  in  heaps  =0 0.342 cu. yd.  solid; 

0.358   "    "     sand,  clean  and  sharp; 

0.178  "    "     cement,  or  3.9  cwts. 

Where  regular  concrete  has  cost  from  $6  to  $7,  rubble  and  con- 
crete, with  from  20  to  30  per  cent  of  rubble,  has  only  cost  from 
from  $3.50  to  |5  per  cubic  yard. 

A  third  example  is  that  of  a  concrete  highway  bridge,  Philadel- 
phia, Pa.,  which  will  be  described  and  illustrated  under  the  head  of 
Arches.  The  structure  consisted  of  two  arch  spans,  two  abutments, 
and  one  pier. 

There  is  also  another  example  of  an  arch  with  a  very  long  span 
constructed  for  a  sewer,  and  also  of  a  concrete  arch  of  105-foot 
span,  which  will  also  be  described. 

538.  A  contract  was  entered  into  by  certain  parties  with  one  of 
our  largest  bridge  companies' to  erect  complete  the  entire  structure 
of  the  Louisville  and  Jefferson ville  Bridge  for  a  round  sum  of  about 
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$1,000,000,  the  writer  having  made  the  necessary  surveys,  sound- 
ings, and  borings,  together  with  the  estimates  of  costs,  contemplat- 
ing the  use  of  pneumatic  caissons  sunk  to  a  depth  of  75  or  80  feet 
below  the  low-water  surface,  on  these  cribs  filled  with  concrete 
extending  up  to  or  above  the  bed  of  the  river,  and  upon  these  first- 
class  masonry  piers,  Bedford  (Ind.)  limestone,  with  an  iron  and  steel 
superstructure,  the  channel  span  of  which  was  to  have  been  650  feet 
in  the  clear,  and  other  spans  from  450  feet  down,  as  economy  might 
indicate.  In  this  plan  the  masonry  piers  would  have  been  from  110 
to  130  feet  in  height;  the  timber  caissons  and  cribs  with  concrete 
from  70  to  50  feet.  Through  delays  in  securing  authority  to  build 
the  bridge  and  in  raising  the  necessary  money  to  proceed  with  the 
work,  nothing  was  done  for  some  time  thereafter. 

Subsequently,  and  without  the  writer's  knowledge,  a  contract 
was  made  for  building  both  the  substructure  and  superstructure 
for  a  specified  sum — about  $1,000,000.  It  was  contemplated  in 
this  contract  to  build  the  piers  with  concrete  from  bottom  to  top. 

The  conditions  imposed  were  very  general  in  regard  to  the 
character  of  materials  to  be  used,  such  as  that  the  cement  should  be 
of  the  Louisville  brands  or  some  equally  good  cement,  and  that  the 
work  was  to  be  done  in  accordance  with  the  best  American  practice. 

Altogether,  both  the  requirements  of  the  specifications  and  the 
terms  of  the  contract  seemed  vague  and  unsatisfactory.  The 
writer  felt  called  upon,  in  the  capacity  of  consulting  engineer,  to 
protest  against  some  of  the  provisions  of  the  specifications. 

(1)  That  there  was  no  precedent  justifying  the  construction  of 
piers  160  to  180  feet  in  height  entirely  of  concrete;  (2)  that  to 
build  such  piers  of  any  ordinary  cement,  whether  of  Louisville  or 
any  other  Bosendale  brands,  was  not  in  accordance  with  the  best 
American  practice;  (3)  that  requirements  as  to  fineness  in  grind- 
ing, weight  and  tensile  strength,  proportions  and  character  of  sand 
and  broken  stone,  methods  or  mixing,  placing,  and  ramming,  were 
either  omitted  entirely  or  were  not  specific  enough;  (4)  that  it  only 
required  a  very  few  weeks,  at  most,  after  assembling  the  members 
of  an  iron  bridge,  to  erect  and  swing  even  the  longest  spans,  and 
unless  a  sufficient  time  had  elapsed  after  completing  the  piers,  the 
enormous  weight  of  superstructure  and  rolling  load,  amounting  to 
from  3,000,000  to  4,000,000  pounds,  might  cause  serious  and  irrep- 
arable injury  to  the  piers. 

The  writer  does  not  wish  to  be  understood  as  depreciating  the 
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many  excellent  qualities  of  oar  American  cements,  nor  as  reflecting 
upon  the  bailders  in  any  way.  Opinions  of  mannfactarers,  togi- 
neers,  and  contractors  differ  widely  in  regard  to  the  suitableness  of 
our  natural  cements  for  concrete  structures.  But  all  will  admit 
that  they  are  not  comparable  in  strength  and  soundness  with  the 
Portlands,  either  American  or  foreign,  and  that,  in  piers  of  such 
magnitude,  supporting  very  heavy  loads,  none  but  the  very  best 
cements  should  be  used,  and  these  only  under  rigid  requirements 
as  to  fineness,  weight,  and  tensile  strength. 

589.  The  writer  therefore  presented  the  following  recommen- 
dations: (1)  That  both  parties  should  consent  to  a  modification  of 
the  contract  as  follows :  All  high  piers,  and  especially  those  built  in 
the  river,  to  be  faced  with  good  first-class  masonry;  the  filling  to  be 
of  concrete  composed  of  1  cement,  2  sand,  and  from  4  to  5  of  broken 
stone,  the  cement  to  be  of  the  Louisville  or  some  other  equally 
good  brand. 

Or  (2),  if  concrete  piers  were  to  be  insisted  on,  that  the  cement 
should  be  of  the  very  best  Portland  brand,  coming  up  to  good 
requirements  as  to  weight,  fineness,  and  tensile  strength;  that  the 
proportions  should  be  1  cement,  2  sand,  and  4  broken  stone,  which 
should  be  carefully  and  thoroughly  mixed,  and  then  placed  in  lay- 
ers not  exceeding  12  inches  in  thickness  and  properly  rammed. 
Each  section  of  from  2  to  4  feet  should  be  enclosed  in  a  strong 
casing,  which  should  not  be  removed  for  at  least  ten  days  after  the 
concrete  had  been  deposited;  and  that  no  weight  of  superstructure 
should  be  placed  upon  the  piers  for  at  least  sixty  days  after  comple- 
tion, or,  better,  ninety  days. 

(3)  That  while  there  was  no  precedent  by  which  we  could  be 
guided,  the  writer  was  clearly  of  the  opinion  that  with  the  use  of 
the  best  Portland  cement,  good  sand,  and  broken  stone  in  the  proper 
proportions  and  thoroughly  mixed  and  rammed,  with  ample  time 
for  setting  before  being  too  heavily  weighted,  and  with  such  portions 
of  the  pier  liable  to  abrasion  from  passing  drift  and  ice  protected 
by  a  temporary  sheeting  for  at  least  six  months,  better  twelve 
months,  there  would  bene  valid  reason  why  such  a  structure  should 
not  be  as  good  as,  if  not  better  than,  the  ordinary  sandstone 
masonry. 

The  first  plan,  that  is,  facing  the  piers  with  ashlar  masonry,  was 
adopted. 

The  above  discussion  is  used  to  show  the  conditions  under 
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which  all-concrete  piers  would  be  permissible  if  not  sanctioned  by 
the  common  and  best  practice.  Concrete  will  doubtless  be  more 
extensively  used  for  these  purposes  when  we  become  better  ac- 
quainted with  the  strength,  soundness,  and  durability  of  this  yaln- 
able  and  useful  material,  and  when  structures  of  gradually  increasing 
magnitude  give  the  profession  and  the  public  gi*eater  confidence, 
and  precedent  exists  to  justify  the  claim  that  this  mode  of  building 
is  usual  and  good  practice. 

In  Nova  Scotia  concrete  has  been  extensively  used  for  the  piers 
of  highway  bridges.  These  have  been  subjected  to  the  action  of 
heavy  drift  ice  and  to  the  extremes  of  temperature.  Out  of  147 
bridges,  44  of  which  have  been  standing  for  five  years,  only  one 
failure  has  been  reported,  and  this  was  attributed  to  poor  workman- 
ship. The  aggregates  were  usually  gravel;  large  rubble-stones 
were  imbedded.  The  cement  used  was  English  Portland.  The 
cost  of  concrete  was  from  15.50  to  $6.50,  and  for  arches  $7.00  to 
$8.00,  per  cubic  yard. 


ART.  XLII. 

RETAINING-WALLS. 

540.  Betaining-walls  are  walls  usually  of  stone  or  brick 
masonry,  of  concrete,  or  of  any  combinations  of  these  materials,  the 
purpose  of  which  is  to  support  an  embankment  of  earth  either  with 
a  vertical  or  a  sloping  face.  No  earthy  material  will  stand  for  any 
length  of  time  with  a  vertical  face.  If  an  excavation  be  made  into 
a  mass  of  any  kind  of  earth  leaving  the  sides  vertical,  they  may  main- 
tain this  position  for  a  greater  or  less  time.  After  being  exposed  to 
air  moisture,  or  frost,  the  most  stable  earth  will  begin  to  scale 
or  fall  off,  forming  for  itself  a  more  or  less  inclined  or  sloping 
face. 

This  is  not  a  plane  surface,  but  a  curved  one  concave  to  the 
front,  the  upper  portion  maintaining  a  vertical  or  almost  vertical 
surface,  and  flattening  out  somewhat  gradually  as  the  bottom  is 
approached.  The  first  caving  or  displacement  is  due  to  the  destruc- 
tion of  the  adhesiveness  of  the  material,  and  little  by  little  the  par- 
ticles fall  away  under  the  action  of  gravitation.    This  falling  away 
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may  result  Id  a  partial  undermining  of  the  mass^  when  large  lumps 
or  masses  will  fall  down.  Ultimately,  however,  some  more  or  less 
definite  slope  will  be  reached  which  will  be  permanent  except  when 
acted  upon  by  running  water  or  some  other  external  cause.  The 
earth  is  then  said  to  have  attained  its  natural  slope,  and  the  angle 
which  this  slope  makes  with  the  horizon  is  called  the  angle  of 
repose.  Mere  saturation  with  water  has  no  effect  except  in  alter- 
ing or  lessening  the  angle  of  repose;  and  when  it  is  converted 
into  quicksand  or  mud  its  angle  of  repose  is  practically  zero,  both 
its  adhesion  and  frictional  stability  having  been  destroyed.  As  the 
adhesion  is  destroyed  by  atmospheric  influences,  it  cannot  be  relied 
upon  to  give  permanent  stability.  Certain  materials,  such  as  sand 
and  gravel,  when  clean  have  practically  no  adhesive  strength,  and 
will  assume  rapidly  the  natural  slope.  The  falling  of  any  material 
being  due  alone  to  the  action  of  gravitation,  the  only  resistance  to 
this  is  evidently  the  frictional  resistance  between  the  particles, 
when  unsupported  by  artificial  means,  and  if  these  two  balance, 
the  earth  mass  will  have  stability.  This  is  called  frictional  sta- 
bility. 

641.  Starting  with  the  above  facts  only,  many  theories  and 
formalffi  have  been  evolved,  by  means  of  which  the  magnitude, 
direction,  and  point  of  application  of  the  pressure  against  a 
wall  supporting  a  mass  of  earth  may  be  determined,  and  from 
this  the  proper  weight  and  thickness  of  a  wall  to  maintain  the  face 
of  the  mass  either  vertically  or  at  a  given  inclination,  both  when 
the  top  surface  of  the  bank  is  horizontal  and  level  with  the  top  of 
the  wall,  or  rising  at  any  given  inclination  to  the  horizon  above 
and  away  from  the  wall.  Experiments  have  been  made  in  many 
ways  and  with  many  kinds  of  material,  except  with  dry  sand  or 
gravel,  and  some  similar  materials,  but  little  valuable  and  reliable 
information  has  been  obtained. 

The  first  assumption  is  that  the  pressure  on  a  wall  supporting 
a  mass  of  earth  is  due  to  a  certain  triangular  prism  of  earth  which 
is  assumed  to  slide  bodily  along  a  plane  surface  called  the  plane  of 
mptnre,  and  that  the  magnitude  of  the  pressure  is  equal  to  the 
weight  of  that  prism  of  earth.  This  plane  of  rupture  does  not  coin- 
cide with  the*  surface  of  the  natural  slope  of  the  material,  but  is  a 
plane  bisecting  the  angle  between  the  natural  slope  and  a  vertical 
plane,  which  may  be  taken  as  the  surface  of  the  wall ;  in  other 
words,  it  makes  an  angle  with  the  vertical  equal  to  one  half  of  the 
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complement  of  the  angle  of  repose,  or,  in  symbols,  — s""^*  ^  being 

the  angle  of  repose  of  the  earth  supported  by  the  wall.  This 
assumption  is  practically  true  for  clean,  sharp  sand,  but  is  not  true 
for  a  tough  and  tenacious  earth. 

The  second  assumption  is,  that  the  point  of  application  of  the 
resultant  pressure  is  at  one  third  the  height  of  the  wall  from  the 
bottom,  or  two  thirds  of  its  height  from  the  top. 

The  third  assumption  is  that  the  direction  of  the  pressure  is 
parallel  to  the  surface  of  the  ground. 

Although  the  assumptions  in  all  of  the  more  common  theories 
may  not  be  as  specific  as  those  above  given  in  respect  to  the  exact 
position  of  the  plane  of  rupture,  the  amount  of  pressure  against 
the  wall,  or  in  reference  to  the  direction  of  the  resultant  pressure 
under  all  conditions  as  to  the  relative  slopes  of  the  ground  surface 
and  of  the  back  of  the  wall,  yet  they  are  practically  so. 

The  best-known  theories  are  Coulomb's,  Weyrauch's,  Moseley's, 
and  Bankine's. 

642.  Mr.  Baker,  in  " Masonry  Construction,**  says:  "  This  is  only 
another  reason  for  the  statement,  already  made,  that  theoretical 
investigations  are  of  but  little  value  in  designing  retaining- walls. 
The  problem  of  the  retaining-wall  is  not  one  that  admits  of  an  ex- 
act mathematical  solution ;  the  conditions  cannot  be  expressed  in 
algebraic  formulsB.  Something  must  be  assumed  in  any  event,  and 
it  is  far  more  simple  and  direct  to  assume  the  thickness  of  the  wall 
at  once  than  to  derive  the  latter  from  equations  based  upon  a  num- 
ber of  uncertain  assumptions.  .  .  .  But  the  preceding  discussion 
shows  that  the  present  theories. of  the  stability  of  retaining- walls 
are  not  sufficiently  exact  to  serve  even  as  a  guide  for  future  inves- 
tigations. Furthermore,  the  stability  of  a  retaining-wall  is  not  a 
purely  mathematical  problem.*' 

The  writer  is  not  prepared  to  fully  indorse  the  above  quotation 
— certainly  in  regard  to  Rankine's  theory,  which  Mr.  Baker  does 
not  discuss,  and  whose  theory,  if  the  writer  understands  it,  he 
does  not  state  correctly,  as  he  (Mr.  Baker)  states  that  in  Rankine's 
theory  '^  the  thrust  of  the  earth  makes  an  angle  with  the  back  of 
the  wall  equal  to  the  angle  of  repose  of  the  earth  f'  and  again, 
that  the  theory  is  not  applicable  ^^  if  the  back  of  the  wall  inclines 
towards  the  earth  to  be  supported."  Mr.  Rankine  repeatedly  states 
that  the  pressure  or  thrust  of  the  earth  is  parallel  to  the  surface 
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slope  of  the  ground  or  bank  of  earth.  His  general  formula  is 
deduced  on  the  supposition  that  the  back  of  the  wall  inclines 
"towards  the  earth  to  be  supported." 

The  writer  admits  that  his  (Mr.  Baker^s)  remarks  about  all 
other  theories  with  which  the  writer  is  acquainted  have  mucii 
force.  He  therefore  does  not  propose  to  discuss  those  theories,  and 
refers  to  Mr.  Baker's  full  and  able  discussion  of  them,  but  proposes 
to  discuss  Mr.  Raukine's  theory,  believing  that  it  will  serve  as  a 
good  guide  for  future  investigations.  To  the  writer's  mind  it  is 
based  upon  correct  scientific  principles,  which  need  only  the  accu- 
rate determinations  of  the  constants  involved  to  make  it  a  safe  and 
reliable  formula  for  all  ordinary  purposes. 

543.  Mr.  Rankine  does  not  consider  the  adhesion  of  the  material 
nor  the  friction  of  the  earth  against  the  back  of  the  wall,  nor  does 
he  assume  that  the  earth  bodily  slides  on  any  plane  of  rupture — 
which  are,  to  the  writer's  mind,  serious  defects  in  the  other  theo- 
ries and  formulae.  What  he  does  assume  or  claim  will  be  better 
expressed  in  as  nearly  his  own  words  as  the  space  which  will  be 
given  to  this  subject  will  admit.  He  does  not  assume  any  sliding 
of  the  earth  mass  at  all.  This  seems  reasonable,  as  the  greatest 
pressure  would  be  exerted  just  before  movement  in  the  mass  takes 
place,  which  can  only  occur  when  the  wall  has  yielded  or  moved, 
when  entirely  new  and  different  conditions  and  relations  between 
pressures  and  resistances  would  arise  and  exist. 

Adhesion  of  the  earth  mass  is  entirely  out  of  the  question,  as 
the  greatest  pressure  from  a  dry  and  tenacious  mass  will  occur 
from  the  relatively  loose  mass  of  earth  before  being  thoroughly 
compacted,  since  a  compacted  mass  will  usually  stand  with  a  verti- 
cal face. 

544.  If  the  mass  becomes  quicksand  or  a  flowing  mud  from  the 
presence  of  water,  the  effect  is  only  to  change  its  specific  gravity 
and  angle  of  repose,  thereby  changing  the  direction  and  magnitude 
of  the  pressure. 

As  we  always  seek  the  maximum  possible  pressure  that  can 
occur,  adhesion  should  alwavs  be  considered  as  7iiL 

If  a  retaining- wall  does  collapse  or  fail  either  by  overturning 
or  sliding,  the  earth,  except  in  the  case  of  sand  or  gravel,  quick- 
sand or  mud,  will  not  assume  its  natural  or  any  other  slope;  which 
would  seem  to  show  that  there  is  no  well-defined  plane  along 
which  the  particles  are  in  equilibrium,  i.e.,  are  just  on  the  point  of 
moving,  and  only  awaiting  an  opportunity  to  do  so. 
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The  writer  does  not  propose  to  discuss  this  subject  in  all  its 
fulness  and  completeness,  for  which  he  refers  the  reader  to  Kan- 
kine's  "Applied  Mechanics  and  Oiyil  Engineering.''  Only  the 
statement  of  the  principles  and  a  few  necessary  relations  and 
equations  leading  up  to  the  subject  of  earth-pressure  will  be 
given. 

645.  Internal  Stress  in  General. — If  a  body  be  conceived  to  be 
divided  by  an  ideal  plane  traversing  it  in  any  direction,  the  force 
exerted  between  these  two  parts  at  the  plane  of  division  is  an  in- 
ternal stress.  And  the  problem  is  to  determine  the  relations  be- 
tween the  different  stresses  which  can  exist  together  in  one  body 
at  one  point. 

In  most  practical  questions  respecting  the  stress  in  structures, 
the  direction  of  the  stresses  chiefly  to  be  considered  is  parallel  to 
one  plane,  and  the  planes  upon  which  they  act  are  perpendicular 
to  this  plane,  which  is  parallel  to  the  stresses;  the  remaining  stress, 
if  any,  being  a  principal  stress,  and  perpendicular  to  the  plane  to 
which  the  others  are  parallel. 

For  a  clear  understanding  of  this  subject  of  internal  stress  it 
will  be  necessary  to  demonstrate  a  few  simple  problems,  the  solu- 
tions of  which  depend  entirely  and  solely  on  the  simplest  applica- 
tions of  the  principles  of  the  equilibrium  or  balance  of  forces  in 
one  plane.  But  little  mathematics  is  necessary  or  used  in  these 
problems. 

646.  A  Fair  of  Conjugate  Stresses. — Theorem:  If  t?ie  stress  on 
a  given  plane  in  a  body  he  in  a  given  direction,  the  slress  on  any 
plane  parallel  to  that  direction  must  be  i?i  a  direction  parallel  to 
Me  Jirst-7nentioned  plane. 

If,  in  Fig.  223,  we  consider  two  planes  XoX  and  YoY  travers- 
ing a  body,  and  let  the  stress  acting  on  the  plane  YoY  be  in  the 
•direction  XoA'^y  then  the  stress  on  the  plane  XoX  must  be  in  the 
direction  YoY.  Consider  the  condition  of  a  small  prism -4jB6'/>, 
having  its  geometrical  centre  at  the  point  o.  This  prism  is  in  equi- 
librium under  the  action  of  the  stresses  between  it  and  other  por- 
tions of  the  body,  acting  on  the  ideal  planes  of  divisions  AB,  BC. 
'CD  and -4Z>.  The  planes  represented  in  section  by  the  lines  ^^ 
And  CD  being  parallel  to  the  plane  YoY,  and  AD  and  ^(7 parallel 
to  XoX,  the  resultant  forces  acting  on  the  planes  AB  and  CD  are 
•equal  and  directly  opposed,  and  parallel  to  XoX,  their  common  line 
of  action  traversing  the  axis  o;  they  are  therefore  independently 
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Pro.  223. 


I)alanced^  and  as  the  only  remaining  forces  are  those  acdng  upon 
the  planes  AD  and  BC  oi  the  prism,  they 
must  be  independently  balanced.  Their 
resultants  must  therefore  be  directly  op- 
posed, which  could  not  be  unless  their 
directions  were  parallel  to  YoY.   (Q.  E.  D.)  > 

647.  A  pair  of  stresses,  each  acting  on 
a  plane  parallel  to  the  direction  of  the 
other,  are  said  to  be  conjugate,  as  P  and 
Ry  etc.,  in  the  above  figure.  (1)  Their 
intensities  may  be  equal;  (2)  they  may 
bear  a  definite  relation  to  each  other;  or  (3)'they  may  be  une- 
qual, and  entirely  independent  of  each  other.  The  first  condition 
exists  in  a  perfect  fluid;  the  third  exists  in  a  rigid  solid  body;  the 
second  exists  in  those  materials  intermediate  between  a  fluid  and 
a  solid  body,  in  which  the  ratio  of  the  conjugate  pressure  bears  a 
definite  relation  for  each  material  when  in  a  certain  state  or  con- 
dition, such  as  wetness  and  dryness,  but  varies  with  different  ma- 
terials. 

Again,  in  a  perfect  fluid  the  conjugate  pressures  must  be  of  the 
same  kim^,  and  must  be  a  pair  of  pressures  or  thrusts.  In  other 
materials  they  may  be  a  pair  of  thrusts,  a  pair  of  pulls,  or  a  thrust 
and  a  pull  or  tension. 

648.  If  the  planes  of  action  of  a  pair  of  conjugate  stresses  are 

both  perpendicular  to  the  plane  which 
contains  their  two  directions^  then  the 
obliquity  of  the  stresses  is  the  same  on 
their  respective  planes  of  action. 

The  above  statements  are  proved  in 
the  following  examples.  The  first  pro- 
blem is  as  follows: 

The  intensities  and  directions  of  the 
stresses  on  a  pair  of  planes  perpendicular 
to  each  other  and  to  a  plane  to  which 
the  stresses  are  parallel  being  given,  it 
is  required  to  find  the  intensity  and 
direction  of  the  stress  on  a  plane  in 
any  position  perpendicular  to  that  plane 
to  which  the  stresses  are  parallel.  In 
Fig.  223  let  the  stresses  be  parallel  to 
the  plane  of  the  paper;  the  planes  on  which  the  given  stresses 
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act  OX  and  Oy,  respectively,  and  ^5  any  plane  perpendicular  to» 
the  plane  of  the  paper  on  which  the  intensity  and  direction  is  re- 
quired. As  the  given  stresses  may  have  any  inclination  to  the 
planes  OX  and  OY,  we  can  resolve  each  intensity  into  compo- 
nents  respectively  normal  and  parallel  or  tangential  to  the  planes 
upon  which  they  act.  We  have  seen  that  in  such  cases  the  tan- 
gential components  on  the  planes  OX  and  01^  are  equal,  and  can 
be  represented  by  one  symbol.  (See  paragraph  326,  Article 
XXXIV.) 

Let  the  stress  normal  to  Ol^have  an  intensity  j9,  and  parallel  or 
tangential  to  Oy  have  an  intensity  ^,  each  acting  on  an  area  repre- 
sented in  section  by  OB.  Then  the  total  normal  component  of  the 
oblique  stress  on  the  plane  0  Y  will  be  =  jt?  X  OBy  and  tangential 
component  =  ^  X  OB.  Similarly,  the  normal  component  of  the 
oblique  stress  on  the  plane  OX  will  be  =  />'  X  0-4,  and  tangential 
component  will  be  =  ^  X  OA.  Then  draw  ON  normal  to  the 
plane  ABy  upon  which  it  is  required  to  find  the  magnitude  and 
direction  of  stress  when  the  stresses  or  their  components  on  OA 
and  OB  are  known.  Let  the  angle  which  the  normal  ON  makes 
with  the  axis  OX^  be 

XON  =  xn. 

Since  the  distribution  of  stress  is  supposed  to  be  uniform,  it  is 
only  necessary  to  assume  that  all  of  the  planes  have  a  length  of 
unity.  Then  considering  the  condition  of  a  small  prism  AOB^ 
whose  length  is  unity,  bounded  by  the  planes  OA^  OBy  and  AB^ 

A  '  A 

OA  =  AB  sin  xn    and     OB  =  AB  cos  xn. 


Since  the  angle 


A 


ABO  =  XON  =  xn. 


collecting  the  stresses  on  the  planes  OA  and  OB  as  given  above,, 
substituting  the  values  of  OA  and  OB  in  terms  of  AB,  and 
noting  that  the  total  normal  stress  on  OA  is  the  normal  compo- 
nent of  the  stress  on  OA  +  the  tangential  stress  on  OB;  we  have, 
in  symbols, 

p'  X  OA  +  txOB^  AB(p'  sin  xn  +  t  cos  xn)  =  OE.  (295) 
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This  can  be  represented  by  OE  =  DR  in  Fig.  223. 
And^  similarly,  the  total  normal  stress  on  OB  is  the  normal 
component  of  the  stress  on  OB  -f-  the  tangential  stress  on  OA : 

p  X  OB  +  t  X  0A  =  AB{p  cos  xn  +  t  sin  xn)  =  OD.  (296) 

This  can  be  represented  by  BE  =  i>0  in  Fig.  223. 

In  the  rectangle  thus  formed,  ODBE,  the  resultant  of  these 
stresses,  which  is  the  magnitude  and  direction  of  the  stress  on  the 
plane  AB,  will  be  represented  by  the  diagonal 

OR  =  V0D'+1)E'; 
and  the  intensity  of  this  stress, 

_0R_  V0D'+  Op  _ 
^•"  "■  AB  "  AB  " 

A  A  A  A 

y  ] j!>"  sin*  xn  +p*  cos'  xn  +  ^'  +  2/(/?'  +  p)  sin  xn  cos  X7i  \ , 


(297) 


If  we  now  decompose  pr  into  its  components,  normal  and  tan- 
gential, respectively,  to  AB,  by  drawing  from  R  the  line  RP  per- 
pendicular to  ON,  we  have  the  intensity  of  normal  component 

OJP  PR 

Pn  =  -jjy,  and  the  intensity  of  tangential  component  pt  =  — ,;  OP 

heiTig  the  normal  component  of  the  total  stress  OR,  and  PR  being 
its  tangential  components;  p^  and  pt  being  their  respective  inten- 
sities. The  mean  intensity  of  a  stress  being  equal  to  the  total 
stress  divided  by  the  area  over  which  it  is  distributed 

Since  the  prism  AOB  is  in  equilibrium  under  three  stresses,  OD, 
OE,VLnA  OR,  it  is  necessary  that  the  algebraic  sum  of  their  compo- 
nents in  any  two  directions  shall  be  equal.  If,  then,  perpendicu- 
lars be  drawn  from  the  points  D  and  E  to  ON,  intersecting  it  at 
the  points  K  and  H,  respectively,  we  have  three  components,  RP, 
DK,B.nd  i^jET, parallel  to  the  plane  AB,  which  must  balance  inde- 
pendently ;also  three  components,  OP,  OK,  and  OH,  normal  to  the 
plane  AB,  which  must  likewise  balance  independently. 

It  is  evident  that  RP  =  DK  -  EH,  and  that  OP  =  0K  + 

OH;  but  if  not  it  can  be  easily  proved,  for  if  RP  be  projected 

•on  the  line  DK,  the  triangle  DRS  is  equal  to  the  triangle  OEH, 

having  all  sides  parallel,  or  all  angles  equal,  and  also  one  side 
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DR  =  OE.     Therefore  SR  =  KP  =  OH,  and  OF  =  OK  +  KF 
=  0K+  0H\  also,  HE  =  DS  and  RF  =  DK^DS  =  DK-  EH. 

Then 

0F=0K+0H=z  OD  cos  xn  +  OE  sin  xn.    .     .    .     (298> 

^P  =  /) JT  -  Z>6f{  or  HE)  =  Oi>  sin  xn  -  0J5^  cos  A.    (299) 

Substituting  in  these  equations  the  values  OD  and  OE  from 
eqs.  (295)  and  (296),  and  these  resulting  values  of  OF  and  RF  in 
the  values  of  jo„  sjid  pt,  we  have 

OF  ^  ^  A  A 

p,^  =  -j-^  =  JD  cos*  icw  +  j^'  sin'  a;7i  +  2t  sin  a;7i  cos  a;w.     (300) 

FR  A  A  A  A 

jOt  =  -j-H  =  ( J^  —  J^O  sin  a;n  cos  xn  +  ^(sin*  xn  —  cos'  X7i.  (30 1^ 

From  Fig.  223 

PR  =  OF  tan  NOR  =  OP  tan  nr; 
tan  wr  =  ^^  =  ^  =  tangent  angle  of  obliquity  of  OR.   .   (302) 

We  have  thus  found  the  magnitude  of  the  resultant  stress  OSy 
its  intensity  Pr,  and  the  direction  of  the  resultant  with  respect  to 
the  plane  AB. 

If  we  impose  the  condition  that  there  shall  be  no  tangential 
stress  on  AB,  then  ;7^  =  0  in  equation  (301),  and 


and 


A                 A 

sin  xn  cos  xn               t 

:= 

A                                 A 

tan  xn          tan  2xn 

cos  xn  —  sm  xn     -^      ^ 

^    "        2 
1  —  tan*  xn 

A 

tan  ^xn  = 

V 

It 

-P 

(303) 


A 

For  two  values  of  xn  differing  by  a  right  angle  the  values  of 

A 

tan  2x)i  are  equal;  therefore  there  are  two  directions  of  the  nor- 
mal OX  perpendicular  to  each  other  which  fulfil  the  condition  of 
having  no  tangential  stress.    Those  two  directions  are  called  prin- 
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cipal  axes  of  stress,  and  the  stresses  along  tliem  are  called  principal 
stresses  which  are  conjugate  to  each  other. 

We  can  take  these  two  principal  axes  of  stress  in  any  plane  for 
the  axes  of  co-ordinates.    This  is  done  in  the  following  problems : 

EQUAL   PRINCIPAL  STRESSES. — FLUID   PRESSURE. 

549.  If  a  pair  of  principal  stresses  be  of  the  same  kind  (i.e., 
both  thrusts  or  both  pulls)  and  of  equal  intensities,  every  stress, 
parallel  to  the  same  plane  is  of  the  same  kind,  of  equal  intensity,, 
and  normal  to  its  plane  of  action. 

In  the  preceding  paragraph  we  found  that  the  intensity  of  any 
stress  is  equal  to  the  total  stress  divided  by  the  area  over  which 
it  is  distributed.  If,  in  Fig.  224  we  take  OX  and  OF  as  the 
directions  of  the  principal  stresses,  whose  intensities  are  p  along 
O-T  and  /?'  along  OY,  the  condition  imposed  is  p=p'.  Now 
consider  as,  before,  a  prism  AOB,  It  is  required  to  find  the  direc- 
tion and  intensity  of  the  stress  on  any  plane  AB. 

The  total  stresses  on  OB  and  OA  are,  respectively,  p  x  OB  and 
p'  X  OA  on  the  axes  OX  and  OY.  Take,  on  OX,  OD=^pxOB^ 
and  on  OY,  OE  =  p'  X  OA,  and,  completing 
the  rectangle  ODRE,  its  diagonal  OR  will 
represent  the  magnitude  and  direction  of  the 
stress  on  AB,  and  its  intensity 

OR        ,  OD         ^       ,      OE 

Pr  =  -f^;    also,    p  =  ^^,    and    p'  =  ^. 

And  since  p  =  p\  it  follows  from  the  figure        ^'        o       be" 
and  this  condition  that  ^^'  ^^ 


and  consequently 


OD  _0E  _OjR 
OB  "  OA'^  AB' 

p=zp'=p^ (304) 


The  triangles  AOB  and  EOR  are  similar,  and  OR  must  be  per- 
pendicnlar  to  AB,  Therefore  the  stress  on  any  plane  perpendic- 
ular to  the  plane  XOY  is  normal  and  of  equal  intensity  in  all 
directions.  And,  furthermore,  every  direction  in  the  plane  XOY 
is  an  axis  of  stress.  In  other  words,  in  a  perfect  fluid  the  pressure 
at  a  given  point  is  normal  and  of  equal  intensity  in  all  directions,. 
as  the  same  thing  can  be  shown  whatever  direction  may  be  given 
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to  the  plane  XOFwith  respect  to  the  plane  of  the  paper.  The 
above  principle  only  applies  to  a  perfect  fluid,  which  may  be 
deflned  as  that  condition  of  a  body  in  which  it  does  tend  not  to 
preserve  a  definite  shape,  and  therefore  cannot  exert  tangential 
stress.  In  the  gaseous  condition  of  a  fluid  the  stress  is  always  a 
pressure  or  thrust.  Liquids  possess  some  little  viscosity  or  ten- 
dency to  resist  distortion,  and  are  capable  of  exerting  a  slight  ten- 
sion, but  for  all  practical  purposes  the  only  kind  of  stress  worth 
considering  is  pressure. 

The  above  principles  underlie  the  entire  subject  in  applied 
mechanics  known  as  Hydrostatics. 

It  might  be  called  the  circle  of  stress,  since,  if  a  circumference 
be  described  with  a  line  representing  the  intensity  of  the  stress  or 
pressure  in  any  direction  at  a  point  in  a  fluid,  the  radius  of  the 
circle  will  represent  the  intensity  of  the  stress  in  other  direction 
around  that  point. 

If  the  principal  stresses  have  equal  intensities  but  are  of  differ- 
ent kinds,  j»  =  —  jp',  it  is  only  necessary  to  lay  off  OE'  =  OE,  but 
on  the  opposite  of  the  origin  0,  OD  remaining  as  before.  The 
construction  and  proof  is  similar;  p^  is  still  equal  to  p  or p'  in  in- 
tensity. But  the  direction  of  OR'  is  not  perpendicular  to  AB,  but 
makes  an  angle  R'OX  =  BOX  on  the  opposite  side  of  OX. 

The  stress  pr  agrees  in  kind  with  that  one  of  the  principal 
stresses  p  or  p'  to  which  its  direction  is  the  nearest.  And  when  it 
makes  an  angle  of  45^  with  each  of  the  axes  OX  and  OY,  it  is  a 
shearing  or  tangential  stress;  so  that  a  pull  and  a  thrust  on  a  pair 
of  planes  at  right  angles  to  each  other  and  of  equal  intensities  are 
equivalent  to  a  pair  of  shearing  stresses  of  the  same  intensity  on  a 
pair  of  planes  at  right  angles  to  each  other  and  making  angles  of 
45°  with  the  first  pair  of  planes.  The  same  conclusions  would  be 
reached  by  making  p  =p'  and  ^  =  0  in  paragraph  548. 

Although  the  principles  just  established  are  only  particular 
cases  of  the  more  general  problem,  they  have  been  discussed,  as 
they  will  assist  in  giving  a  clearer  understanding  of  what  will  fol- 
low. 

The  above  results  were  found  by  a  different  method  in  Art. 
XXXIV. 

ELLIPSE  OF  STRESS. 

550.  As  in  fluid  pressure  it  was  shown  that  the  semi-diameter  or 
radius  of  a  circle  in  any  direction  represents  the  intensity  of  the 


BETAININChWALLS. 


617 


fitress  in  that  direction,  so  in  the  following  discussion  it  will  be 
shown  that  the  semi-diameter  of  an  ellipse  represents  the  intensity 
of  the  stress  in  its  direction  in  a  solid  body.  The  difference  is, 
however,  broad  between  the  two.  In  iSuid  pressure  the  intensities 
in  every  direction  are  equal,  are  of  the  same  kind,  aud  are  normal 
to  their  planes  of  action.  In  the  ellipse  of  stress  the  intensities  are 
unequal,  they  may«or  may  not  be  of  the  same  kind,  and  in  general 
are  not  normal  to  their  planes  of  action.  The  first  is  compre- 
hended in  the  second,  and  is  only  a  special  application  of  it. 
The  general  method  of  procedure  is  the  same  in  both;  only 
the  simplest  principles  of  equilibrium  and  balance  of  forces  in  the 
same  plane  are  used  in  their  solution.  The  writer  mentions  this  in 
order  to  remove  the  common  idea  that  the  discussion  of  the  ellipse 
•of  stress  requires  the  use  of  the  higher  and  complicated  mathe- 


FiQ.  225. 

matical  relations.  These  are  nothing  more  nor  less  than  the  rela- 
tions between  the  sides  and  angles  of  a  triangle  and  the  stresses 
which  they  represent,  as  in  the  parallelogram  or  triangle  of  forces; 
and,  under  the  conditions  assumed  or  proved,  the  equations  express- 
ing these  relations  are  found  by  the  ordinary  test  to  be  that  of  a 
simple  ellipse.  In  Fig.  225  let  OX  and  OF  be  the  directions  of  the 
two  principal  stresses,  OXbeing  the  direction  of  the  greater  stress. 
Let  pgg  be  the  intensity  of  the  greater  stress  and  py  of  the  less. 
7he  kind  of  stress  to  which  each  of  these  belongs,  pull  or  tension. 
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fchrust  or  pressure,  is  to  be  simply  distinguished  by  means  of  the 
algebraic  signs.  If  a  pull  is  considered  as  positiYe,  a  thrust  must 
be  considered  as  negative,  and  vice  versa. 

It  is  usual  to  consider  the  greater  of  the  two  principal  stresses. 
as  positive.  When  the  principal  stresses  are  of  the  same  kind,/?,  is 
laid  off  above  0  on  OX,  and  Py  on  the  right  of  O  along  O  Y,  as  in- 
dicated in  Fig.  225  by  the  full  lines  on  the  right  of  OX.  When 
the  principal  stresses  are  opposite  kinds,  p  is  laid  off  as  before,  but 
p'  is  laid  off  to  the  left  of  0,  This  is  indicated  by  the  dotted  lines 
and  the  same  letters  with  the  dashes  corresponding  to  similar  parts 
of  the  two  constructions. 

This  being  premised,  the  following  is  the  statement  and  solution 
of  the  problem : 

A  pair  of  principal  stresses  of  any  intensitieSy  and  of  the  sanu 
or  opposite  kinds,  being  given,  it  is  required  to  find  the  direction 
and  intensity  of  the  stress  on  a  plane  in  any  position  at  right 
angles  to  the  plane  parallel  to  which  the  two  principal  stresses  ad. 

Lay  off  on  the  axis  OX  a  distance  to  represent  the  intensity 
Pj.  =  OC,  and  onOY  bl  distance  to  represent  the  intensity jo^  =  OF'r 
on  these  as  semi-axes  construct  an  ellipse:  then  OR  or  pr  will  rep- 
resent the  intensity  and  direction  of  the  stress  on  the  plane  AB  in 
any  position  perpendicular  to  the  plane  of  px  and  py,  or  the  plane 
of  the  paper.  Also,  draw  ON  normal  to  the  plane  AB,  and  letter 
the  several  points  of  intersection.  Since  the  greater  of  any  two 
quantities  is  equal  to  one  half  their  sum  plus  one  half  their  differ- 
ence, and  the  less  of  two  quantities  is  equal  to  one  half  their  sum 
minus  one  half  their  dillerence,  we  can  write  the  following  two- 
equations  : 

p^^Pj^^Pj^     and    p,'=.P^-P^.    (305) 

From  which  it  is  seen  that  the  pair  of  stresses  px  and  py  can  be 
considered  as  made  up  of  two  pairs  of  stresses,  viz.,  a  pair  of 
stresses  of  equal  intensity  and  of  the  same  kind,  whose  common 

value  is  — ^^^;  and  a  pair  of  stresses  of  equal  intensity  but  of 

opposite  kinds,  whose  values  are  ±       »      ■ 

The  first  pair  being  of  the  same  kind  and  of  equal  intensity,  it 
corresponds,  so  far  as  these  portions  of  the  principal  stresses  are 
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concerned,  to  the  conditions  of  fluid  pressure  discussed  in  paragraph 
549;  therefore,  arising  from  this  pair  of  pressures  of  equal  intensity 
and  of  the  same  kind,  the  pressure  on  any  plane  normal  to  the  plane 
of  these  pressures  is  a  pressure  of  the  same  kind,  of  equal  inten- 
sity, and  normal  to  its  plane  of  action.     Then  lay  off  on  ONy  normal 

to  the  plane  AB,  a  distance  0M=^  ^*     ^^\  this  will  be  a  part  of 

the  stress  on  AB  required.    For  the  second  part  of  the  principal' 
pressures  which  are  of   equal  intensity  but  of  opposite  kinds^ 

±  cf_^?jf^  the  principles  discussed  in  paragraph  549  apply;  that 

At 

is,  the  stress  on  the  plane  AB  will  be  of  the  same  intensity, 

o      y  *^d  its  direction  makes  angles  with  O-cYand  OF  equal  to 

the  angles  made  by  ON  with  OX  and  OF,  but  in  the  opposite 
directions.  If,  then,  we  draw  through  M  a  line  PMQy  making 
MQO  =  MOQ,  and  MPO  =  POM,  this  line  will  give  the  direction 
of  the  stress;  and  as  it  will  be  of  the  same  kind  as  that  of  the  stress 
to  which  it  is  nearest,  we  lay  off  from  M  on  MP  a  distance 

MR  =  ^^     ^^,  and  it  will  be  the  effect  of  the  pair  of  stresses 

±  -?5-_^  on  the  plane  AB.     Then  drawing  from  the  extremity  of 

MR  the  line  OR  =  pry  it  will  represent  the  resultant  of  the  forcea 
represented  by  OM  and  RM;  in  other  words,  the  direction  and 
intensity  of  the  entire  stress  on  AB,  We  have  PM  =  OM  =  MQy 
since  the  angle  MQO  =  MOQ  and  MPO  =  POM,  and  OM  is  a 
common  side  to  the  two  triangles  OMP  and  OMQ.    Therefore 


PR  =  MP-^RM^P-^^^--£^^  =  Py     .    (306> 


and 


i?e  =  ir§  +  i2Jf==^PfL±^  +  ?^=l^  .    (307) 


If  we  drop  perpendiculars  from  R  on  OX  and  OY  equal,, 
respectively,  to  -BTand  RSy  then 

OR'^RT  +  R^ 
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and 


ET'^FW  -  ft'  =  »«•  -  »„'  cos'  —  -  -  «  «'-« 


<-7^« 


i^iS  =  RQ  ^  SQ  =  ipx—px  sin'  a??i  =  />/  cos'  a;». 
Angle  xn  =  ifOP  =  TPR  =  C^^ST.    Substituting, 

A  A 

OR^  —  px  cos'  ic;i  +i?.y'  sin'  a:;^ 


-V  A  A 

.'.  OR  =  pr=     px*  cos'  x?i  -^-py  sin*  ar;e.      .     (308) 

This  equation  could  have  been  obtained  direct  from  equation 
{297),  paragraph  548,  by  making  1  =  0,  since  the  stresses  on  OA 
4ind  OB,  in  Fig.  223^  were  there  oblique  to  those  planes,  whereas  in 
this  case  they  are  normal  to  those  planes,  and  consequently  have  no 
tangential  component. 

It  now  only  remains  to  find  the  obliquity,  or  the  angle 

NOR  =  nr, 
which  OR  makes  with  the  normal  ON  to  its  plane  of  action  AB. 

A  A 

.Since  MOR  =  nr,  and  RMN=  2xn,  we  have 

A 

MR:  OR::  sin  wrisin  2x7i; 

then  sin  7ir  =  sin  2a:w^77^=  sin  2xir'^^       ,  or  the  obliquity 

OR  2pr  ^     -^ 

nr  =  arc  sin  (sin  2x7i^^p^\ (309) 

This  obliquity  is  always  towards  the  axis  of  greatest  stress. 
When  px  and  py  are  of  the  same  kind,  MR  is  less  than  OM  or  J//*, 

A  A 

and  OR  falls  onthe  same  side  of  OX  with  ON;  hence  X7i  >  nr. 

When  px  and  py  are  of  opposite  kinds,  then  MR'  is  greater  than 
OM'  or  M'P',  and  0^  falls  on  the  opposite  side  of  OX  from  ONy 

A  A 

and  X7i  <  nr.  It  is  evident  that  the  locus  of  the  point  if  is  a  circle 
as  it  is  always  equal  tc^^  o  >  *^^  ^^  ^^  ^®  shown  that  equation 
^(308)  is  that  of  an  ellipse  whose  semi-axes  are  px  and  py. 
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It  must  be  remembered  that  both  px  and  py  are  either  essentially 
positive  or  negative;  that  is^  if  both  are  thrusts^  or  both  pulls^  they 
have  the  same  sign,  both  positive  or  both  negative,  and  px  +Py  or 
—  Px  —  Py  means  their  numerical  sum;  but  if  one  is  a  thrust  and 
the  other  a  pull,  then  ^^^ -|- j!;^  means  their  numerical  difference, 
since  their  essential  signs  reside  in  the  quantities  themselves,  and 
are  independent  of  the  algebraic  sign  +  or  --  connecting  the  two 
terms.     It  is  in  this  sense  that  both  OM  and  OAf  are  laid  off  equal 

to  ^^      ^^;  in  the  one  case  it  is  the  numerical  sum,  in  the  other 

the  numerical  difference. 

The  ellipse  of  stress  represetits  the  relations  amongst  the  ifiten- 
sities  of  the  stresses  in  a  solid  mass  which  are  parallel  to  one  plane. 
Many  of  these  relations  have  been  deduced  by  other  methods  in  the 
article  on  shearing  stress.  Art.  XXXIV,  such  as  that  the  sum  of 
the  normal  stresses  on  a  pair  of  planes  at  right  angles  to  each 
other  is  equal  to  the  sum  of  the  principal  stresses,  and  that  the 
shearing  stresses  on  a  pair  of  planes  at  right  angles  are  equal  to 
each  other;  that  the  shear  or  tangential  stress  is  most  intense  on 
a  pair  of  planes  at  right  angles  to  each  other,  and  making  angles  of 
45°  with  the  axes  of  principal  stress;  and  also  that  the  converse  of 
the  ellipse  of  stress  can  be  taken,  namely,  the  intensities,  kinds,  and 
obliquities  of  any  two  stresses  whose  planes  of  action  are  perpen- 
dicular to  the  plane  of  their  directions  being  given,  the  principal 
stresses  and  axes  of  stress  can  be  found. 

But  in  the  present  article  we  will'  only  consider  those  applica- 
tions which  bear  upon  the  questions  of  the  pressure  of  earth. 

The  principal  stresses  p,  and  p^  being  represented  by  the  semi- 
axes  of  the  ellipse,  they  are  respectively  the  greatest  and  least  of 
the  stresses  parallel  to  the  plane  XOY.  The  foregoing  is  the  com- 
plete discussion  of  the  ellipse  of  stress.  Its  simplicity  is  self- 
evident. 

551.  To  And  the  planes  on  which  the  obliquity  of  the  stress  is 
greatest,  the  angle  of  obliquity,  and  the  intensity  of  that  stress: 

(1)  When  the  principal  stresses  are  of  the  same  kind  MR<MO, 

A 

and  angle  3fOR  =  nr  is  the  greatest  when  MR  is  perpendicular 
to  OR. 

.      A        MR 
maximum  sm  tir  =  -^-j, 

OM 

^  .    MR  .    Px  —  Pff  /oi/\\ 

or:    max.  /^r=  arc  sin  vmy  =  arc  sm  ^     .   ^".   .    .    .     (310) 

OM  Px+Py 
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To  find  the  position  of  the  normal  ON  to  the  plane  AB  in 

A  A       A 

terms  of  maximum  nr :  Since  PMN=^  2x7i,  xn  =  iPMN,  and  angle 

A       , 

FMX  =  MRO  +  EOM=  90  +  maximnm  nr;  hence 

« 

A 

A       90  +  max.  wr  ,.  ,  ,^„. 

xn  = —^ ,  an  obtuse  angle,     .    .    .     (311) 

and  for  the  position  of  the  plane  AB  itself, 

A 

^^^  A      ^^o       ^        90  —  max.  wr  .  ,  ,^,_- 

XOA  =  90"^  —  xn  = ,  an  acute  angle.    .     (312) 

Eqs.  (310),  (311),  (312)  apply  to  two  planes  making  equal 
angles  on  the  opposite  of  OX. 

A 

Now  to  find  the  intensity  of  the  stress  for  maximum  nr:  since 
MOM  IB  a  right-angled  triangle. 


OR  or  pr  =  y/~OAf  -  MR' 

=  /|(££±£l^^(^^^  ,     .     (313) 

or  it  is  mean  proportional  between  the  principal  stresses.  It  might 
be  obtained  directly  from  the  fact  that  POQ  being  a  right-angled 
triangle,  and  in  this  case  OR  being  perpendicular  to  FQ,  OR 

=  VpR  X  RQ,  and  as  PR  =  Py  and  RQ  =^px,  OR  =  VpxPy^ 

(2)  When  the  principal  stresses  are  of  the  opposite  kind  it  is  only 
necessary  to  change  +py  into  —py,  and  equation  (313)  becomes 


OR'  or  pr^^V-pxPy (314) 

But  Py  being  essentially  negative,  V—pxPy  is  essentially  positive^ 
-and  the  same  as  OR,  eq.  (313). 

Angle  P'M'N  =  JkTOR'  +  M'R'O.    But  M'OR'  is  90^  and 

WR'O  =  arc  sin  ^iilS?;  hence 


A 

xn 


=  iPJriV^=iJ90°  +  arcsin^^±^l,     .    .    (315) 
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and 


xOA  =  90°  -xn  =  i\  90°  -  arc  sin  ?^L±Ps  \  . 


(316) 


In  these  equations  remember  that  j!?i^  being  essentially  negative, 
Px+Pv  means  the  numerical  difference  and  px  —  Py  the  numerical 
sum. 

552.  If  the  stress  in  every  direction  is  a  thrust  or  pressure,  and 
the  greatest  obliquity  be  given,  it  is  required  to  find  the  ratio  of 
two  conjugate  pressures  whose  common  obliquity  is  given.  Let  0 
be  the  given  greatest  obliquity,  then,  from  eq.  (310), 


.  '     Vx  —  Py  '     ^       Vx  —  Py 

(p  =  arc  sin  - — ----,    or    sm  </>  =  -— - ^  ^ : 

Px  +  Py  Px  +  Vy 


(317) 


and  if  nr  be  the  common  obliquity  of  a  pair  of  conjugate  pressures, 

A 

nr  must  not  exceed  0. 

Since  with  conjugate  pressures  the  pressure  on  each  plane  is 
parallel  to  the  other  plane,  their  obliquities  are  equal,  and  equal  to 

A 

nr,  it  is  evident  from  Fig.  226  that  the  angles  between  the  normals 

A 

to  those  planes  is  90°  +  ^^^>  ^^^  the  angle  between  the  planes  them- 


selves is  90°  —  nr.    From  eq.  (317) 


\Px  +  Pyl 


4pp'  cos*  nr 


\P^  +  Pyl        -         (P  +  P'Y  '     '    '     ^^^^^ 

in  which  px  and  py  are  the  greatest  and  least  principal  stresses,  and 
p  and  p'  are  the  conjugate  pressures,  p  being  the  greater  of  the 
two. 

Eq.  (318)  is  deduced  as  follows:  In  Fig.  226  let  AB  and  A'B' 
be  two  planes  perpendicular  to  the  plane  of  ^ 

the  conjugate  stress  p  and  p\    Since  they 
are  conjugate,  the  stress  on  each  plane  is 
parallel  to  the  other  plane,  i.e.,  p  =  OR  is 
parallel  to  A'B',  and  p'  =  OR'  parallel  toAB,  y 
ON,  and  ON',  their  respective  normals,  and 

angle  NOR-nr  —  ITOR'^n'^'.      Since 

A  A 

their  obliquities  are  equal  nr  =  nV,  ^e  can 
draw  in  Fig.  227  a  single  line  ON  to  repre- 


Fio.  22«. 
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sent  the  normals  tp  both  planes;   also  draw  a  line  OG  making 

A 

N  angle  =  nr  with  ON.  Lay  off  on 
OG  a  distance  OR=py  and  also 
OR'=p'\    bisect   RR'   at   S  and 

,      s      R ^  draw  5.^  normal  to  RR^\  also  draw 

Fi     227  ^^  *^^  MR'.     It  is  evident  that 

MR  =  MR\    We  at  once  recognize 

the  same  construction  as  in  the  ellipse  of  stress,  and  OM  =      T      ; 
MR  =  MR'  =  ^^^^^.    Hence 

^x  =  0M+  MR,      and     py=:  OM-  MR;     .     (319) 

A  A 

angle  X7i  =  iNMR;    and  angle  a;n'  =  ^NMR'.      .     .      (320) 

These  equations  give  the  intensities  and  directions  of  the  prin- 
cipal stresses  px  and  py. 

Since  S  is  at  the  middle  point  of  RR', 

OS  =  i{OR+OR')=^i{p+fh 
and 

A 

MS  =  ^(  /?  +  p')  tan  7*r. 
But 

A 

MS  =  OMsin  nr; 

A  A 

hence  i(p  +p')  tan  nr  =  OM  sin  7ir; 

.'.   0M=^^±^, (321) 

2  cos  nr 
or 

2  2  cos  w; 


/N     • 


;^  - ;"'     ifp       /^= •-=       /(;» +  P'Y  tan'  «r  ,  (/)  -  ;>')' 

—^ — =MR=  ^M8'  +  RS'=y     •         \ +       4     --• 


A 

MS  =  i{p  +p')  tan  7ir;  and 


■'2  2     ' 
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which  snbstitated  give  the  last  expression.    Then 

MB  =  J  \i^-±^^^  ^^-^^^ 
V    r         4  cos^  nr  4 

{P  +py  _  ( P  +  py  cos'  nr      (p  -/)« 
4  cos  7ir  4  cos   /ir  4 

( p  +  ;>')'  _  ip  +  y')'  _^  (£±/)! 


4  cos'  ?i7 


/Sip+p!) 


4  cos'  ;:;* 


"W^'y (322) 


Dividing  equation  (322)  by  equation  (321),  we  have 


MB  __Px-Py_  ^  /{  . 
OM-p,+p,-\)' 


-ipp'  cos'  nr 


/\s 


ip+p') 

Then 


the  same  as  equation  (318);  and 

A  A 

( p  +  py  ^  cos'  nr  ^  (p+py  ^  4  cos'  7ir      ^     .^^^. 

ipp'  cos'  0  jy/?'  COS'^  0    *       *       ^ 

The  two  roots  of  this  equation  are^  and  j^'; 

.-.  {u  —  ;>)(w  —  p')  =  w'  —  2w(  p  +  ;?')  +;>/?'  =  0. 

A 

Assume  the  quadratic  equation  ti*  —  2  cos  nru  =  —  cos'  0. 

A 

Since  ;;  +  p'  is  proportional    cos  7ir  and  pp'  to  cos'  0,  and  solv- 
ing with  respect  to  w,  we  find 


A  /  :^ 

a  =  cos'  nr  —  V  cos'  nr  —  cos   0  =  p  , 

and 

A  / -y^ 

f/  =  cos'  //;*  -f  ^  cos'  nr  —  cos'  <()  =  p. 
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These  values  substituted  in  equation  (324)  for  p  and  p'  satisfy 
that  equation,  and  are  consequently  their  proper  values.  Hence 
we  have  for  the  ratio  of  the  conjugate  pressures 


p^  ___  cos'  nr  —  V  cos'  7ir  —  cos'  0  /qor\ 

-—  -  —      ^ —    .     .     .     (3.5) 

^       cos'  nr  -\-  \  cos"  nr  —  cos  0 

A 

When  wr  =  0  the  intensities  are  wholly  normal,  and  they  become 
the  principal  pressures  or  thrust,  j»'  =  Py  the  less  and  p  =  p^  the 

A 

greater,  and  cos  wr  =  1.     Hence 

p      Px      l  +  Ain  (f>'  ^      ' 

A 

If  nr  =  4>>  then 

^=1,    or    p'=p (327) 

1 

663.  The  principles  and  formulse  established  and  deduced  in  the 
foregoing  discussion,  in  respect  to  internal  stress  in  a  solid  or  fluid 
body,  are  accepted  and  acted  upon,  without  hesitation  or  doubt,  in 
our  everyday  practice.  Our  experience  confirms  their  reliability 
within  any  reasonable  limitation  of  the  directions  and  intensities 
of  the  stresses;  and  to  guard  against  contingencies,  and  as  a  matter 
of  precaution,  factors  of  safety  are  used.  We  further  know 
that  when  certain  materials  become  more  or  less  fluid,  and  flow 
with  some  degree  of  facility,  that  these  principles  are  applicable. 
It  does  not  seem  very  difficult  to  consider  them  as  also  applicable  to 
those  materials  of  an  earthy  nature  lying  between  the  hardest  and 
most  permanent  bodies  that  we  call  solids,  and  those  of  the  stiffest 
pastes  or  compact  silts  and  mud,  which  we  are  accustomed  to  deal 
with  as  liquids  having  their  own  special  specific  gravities.  The 
writer  now  proposes  to  apply  these  principles  to  the  stability  of  any 
granular  mass  of  earthy  material,  as  will  be  found  fully  discussed 
in  Bankine's  works. 

654,  As  to  the  actual  and  relative  value  of  these  principles  and 
formulae,  and  their  relations  to  CoulomVs  theory  and  the  theories 
of  other  scientists,  Mr.  Rankine  may  speak  for  himself.     I  quote: 

**  Previous  researclies  on  this  subject  are  based  (so  far  as  I  am 
acquainted  with  them)  on  some  mathematical  artifice  orassump- 
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tion,  such  as  Coulomb's  'Wedge  of  Least  Resistance/  Researches 
so  based,  although  leading  to  true  solutions  of  many  special  prob- 
lems, are  both  limited  in  the  application  of  their  results,  and  un- 
satisfactory in  a  scientific  point  of  view.  I  propose  therefore  to 
investigate  the  mathematical  theory  of  the  frictional  stability  of  a 
granular  mass,  without  the  aid  of  any  artifice  or  assumption^  and 
from  the  following  sole 

"  Principle.  The  resistance  to  displacement  by  slidi7ig  along  a 
given  plane  in  a  loose  granular  mass  is  equal  to  the  normal  press- 
ure exerted  between  the  parts  of  the  mass  on  either  side  of  that 
plane,  multiplied  by  a  specific  constant, 

"  The  specific  constant  is  the  coefficient  of  friction  of  the  mass, 
and  is  the  tangent  of  the  angle  of  repose.  Let  p^  denote  the  nor- 
mal pressure  per  unit  of  area  of  the  plane  in  question,  q  the  resist- 
ance to  sliding  (per  unit  of  area  also),  and  0  the  angle  of  repose; 
then  the  symbolical  expression  of  the  above  principle  is  as  follows: 


^  =  tan  0. (328) 


"  This  principle  forms  the  basis  of  every  investigation  of  the 
stability  of  earth.  The  peculiarity  of  the  present  investigation 
consists  in  its  deducing  the  laws  of  that  stability  from  the  above 
principle  alone^  without  the  aid  of  any  other  principle.  It  will  in 
some  instances  be  necessary  to  refer  to  Mr.  Moseley's  '  Principle  of 
Least  Resistance/  but  this  must  be  regarded,  not  as  a  special  prin- 
ciple, but  as  a  general  principle  of  statics.'^ 

555.  Frictional  Stability  of  Plane  Joints. — In  a  structure  com- 
posed of  a  number  of  pieces  connected  only  by  touching  each  other 
at  plane  sarfaces,  it  is  necessary  to  stability  that  the  obliquity  of 
the  pressure  should  at  no  joint  exceed  the  angle  of  repose.  This  is 
accepted  and  acted  upon  by  all  engineers  and  builders  as  absolutely 
necessary  in  all  blockwork  structures  of  whatever  material,  and 
entirely  regardless  of  the  sizes  of  the  blocks,  whether  large  blocks 
in  massive  masonry,  brickwork  in  walls,  or  in  the  roughest  masses 
of  small  and  loose  broken  stone.  It  is  universally  admitted  in 
the  case  of  piles  of  clean  sand  and  gravel,  and  surely  it  is  no 
stretch  of  the  imagination  to  accept  it  tis  true  in  any  mass  of  earthy 
materials  either  having  no  adhesiveness  between  its  particles  or 
grains,  whether  large  or  small,  or  in  a  mass  whose  adhesion  or 
4;enacity  has  been  destroyed;  and  it  is  safe  to  assume  in  all  cases 


628  eankine's  theory  of  fbictiokal  stability* 

that  there  is  no  adhesion,  and  that  the  stability  of  the  mass  of 
earth,  or  gravel  or  shingle,  or  of  any  other  material  consisting  of 
separate  grains,  is  dependent  entirely  npou  friction  between  its 
component  parts. 

656.  Although  the  aboTe  principles  and  formulae  will  not  give 
the  exact  and  actual  pressure  of  a  mass  of  earth  on  a  wall  sustain- 
ing it  at  any  given  slope,  it  is  only  due  to  the  fact  that  there  is 
always  some  adhesion  between  the  particles  composing  it;  but  dis- 
regarding adhesion,  the  determined  pressure  approaches  approxi- 
mately the  actual  pressure  just  in  proportion  to  the  accuracy  with 
which  the  angle  of  repose  has  been  determined.  If  the  angle  of 
repose  is  too  small,  the  least  value  of  the  ratio  of  the  conjugate 
pressures  will  be  too  large;  and  consequently,  although  eliminating 
the  adhesion  would  increase  the  apparent  pressure  on  the  wall^ 
such  an  error  in  the  angle  of  repose  may  greatly  increase  the  press- 
ure above  the  actual  intensity;  or  if  the  angle  of  repose  is  greater 
than  its  actual  value,  the  ratio  of  the  conjugate  pressures  will  be 
too  small,  and  the  determined   pressure  on  the  wall  will  be  too 

small.     This  is  based  upon  —  =  ^— ; — -. — - ,  which  gives  the  least 

^       p        1  +  sin  (p  ^ 

limit  to  the  ratio.  This  is  the  limit  assumed  in  practice,  and  is 
based  upon  the  "  Principle  of  Least  Resistance." 

In  a  certain  class  of  problems  the  maximum  ratio  of  the  con- 
jugate pressures  is  required,  viz., 

y^l+jin^^ (309> 

p       1  "  Sin  (p  ^ 

The  same  remarks  apply,  but  in  the  inverse  order;  that  is,  as  0- 
increases  the  ratio  increases,  and  vice  versa. 

In  certain  cases  it  is  necessary  to  combine  the  two  conditions, 
and,  as  an  error  in  <p  which  increases  the  ratio  under  its  maximum 
value  decreases  the  ratio  under  its  minimum  value,  there  will  be  a 
double  error  in  the  result.  The  only  application  of  the  combined 
actions  will  be  explained  under  the  head  of  Land  Ties  for  Retain- 
ing-walls. 

567.  With  these  convictions,  based  not  only  upon  theoretical 
investigations,  but  on  analogy  from  experience  and  observation,  the 
writer  unhesitatingly  says  that  Rankine's  theory  of  the  frictional 
stability  of  a  granular  mass  should  not  be  included  amongst  those 
theories  characterized  as  "not  sufficiently  exact  to  serve  even  as  a 
guide  for  future  investigations."    Rankine^s  formulae  give  results 
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agreeing  fairly  well  with  the  usual  and  best  practice,  and  with  the 
use  of  a  small  factor  of  safety,  which  is  always  employed  in  the 
application  of  all  other  formnlsB  used  in  engineering  construction, 
will  give  safe  and  reliable  results. 

558.  TIteorem  I. — It  is  necessary  to  the  stability  of  a  granular 
mass  that  the  direction  of  the  pressure  between  the  portions  into 
which  it  is  divided  by  any  plane  should  not  at  any  point  make  witli 
the  normal  to  that  plane  an  angle  greater  than  tlie  angle  of  repose. 
In  the  case  of  a  mass  of  earth,  the  greatest  obliquity  of  the  press- 
ure is  to  be  limited  to  the  angle  of  repose,  which  it  must  not 
'exceed.     The  maximum  value  of  the  obliquity  of  the  stress  is  found 

in  eq.  (310),  max.  *«ia-7ir  =  arc  sin  ^ — ^,  and  the  above  con- 

Px  +  Py 

A  A 

<lition  requires  max.  fir  ^  0  ;  ?ir  being  the  angle  between  the  nor- 
mal and  the  stress,   ^  meaning  equal  to  or  less,  but  never  greater, 

A 

and  0  being  the  angle  of  repose.   The  max.  nr  being  hereafter  called 

^',  then  —  .  ■     =  sin  6^'  <  sin  <f>:  which  simply  means  that  in 

a  mass  of  earth  the  ratio  of  the  difference  of  the  greatest  and  least 
pressures  to  their  sum  cannot  exceed  the  sine  of  the  angle  of  repose. 
Also,  the  ratio  of  the  greatest  and  least  pressures  px  and  py  is  found 
from  eq.  (326)  to  be 

Py       1  —  Sin  0  ' 

If,  however,  we  consider  any  two  conjugate  pressures  p  and  p', 

A 

'whose  common  obliquity  7ir  =  6^;  and  0,  now  limited  to  the  value 
of  the  angle  of  repose,  that  is,  never  exceeding  it;  p  the  greater 
and  p'  the  lesser  of  the  conjugate  pressures, — we  have,  from  eq. 
<325), 

P    ^  cos  6^  +    VCOS'  ^  —  cos'  0  /QQIV 

P'  ~  COS  6^  -  Vcos'  d  -  cos'  0' 

Eq.  (331),  just  found,  expresses  the  condition  of  stability  of  a  mass 
of  earth  in  terms  of  the  ratio  of  a  pair  of  conjugate  pressures  in 
the  plane  of  greatest  and  least  pressures. 

659.  Conceive  a  mass  of  homogeneous  solid   material  to  be 
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indefinitely  extended  laterally  and  downwards,  and  to  be  bounded 

above  by  a  plane  surface  making- 
a  given  angle  of  declivity  6  with 
a  horizontal  plane.  In  Fig.  228 
yOF  represents  a  section  of  that 
surface  with  a  vertical  plane  along^ 
its  direction  of  greatest  declivity^ 
and  OX  a  vertical  plane  normal 
to  this  latter  vertical  plane.  Let 
w  be  the  uniform  weight  of  unity 
of  volume  of  the  substance.  If^ 
then,  we  take  any  plane  parallel  to  YOY,  or  the  upper  surface,  and 
at  a  vertical  depth  x  below  YOY,  and  there  is  no  external  force 
other  than  its  own  weight  acting  on  the  mass,  it  is  evident  that  the 
only  pressure  which  any  portion  of  the  plane  BB  bears  is  the 
weight  of  the  material  directly  above  it. 

Hence  in  an  indefinitely  extended  homogeneous  solid  bounded 
above  by  a  sloping  plane  the  pressure  on  any  plane  parallel  to  the 
sloping  surface  is  vertical,  of  uniform  intensity,  and  equal  to  the 
weight  of  the  vertical  prism,  having  for  its  base  unity  of  area  of 
the  given  plane,  and  for  its  height  the  vertical  distance  of  this 
panel  from  the  surface;  or  in  symbols,  since  the  area  of  a  horizontal 
section  of  this  prism  is  1  X  cos  0,  the  intensity  of  the  vertical  pres- 
sure is 


p  =  wx  cos  0, 


(332) 


As  this  vertical  intensity  is  balanced  by  an  equal  and  opposite 
intensity,  it  follows,  from  the  principle  established  in  paragraph 
546,  that  the  stress,  if  any,  on  a  vertical  plane  at  that  depth  is 
parallel  to  the  sloping  surface,  and  is  conjugate  to  the  stress  on  a 
plane  parallel  to  that  surface. 

If  we  now  consider  the  condition  of  a  molecule  A  included 
between  the  parallels  BB  and  CO,  we  have  seen  that  the  intensity 
of  pressure  on  its  upper  surface  is  uniform,  the  weight  of  the  mole- 
cule, as  equilibrium  is  assumed,  must  be  balanced  by  an  equal  and 
opposite  stress  equal  to  the  difference  between  the  downward 
intensity  on  its  upper  surface  and  the  upward  intensity  on  its 
lower  surface ;  consequently,  as  this  stress  is  vertical,  the  stresses  on 
its  two  sides  must  be  equal  and  opposite,  and  parallel  to  the  upper 
or  lower  surface  of  the  molecule  or  to  the  surface  of  the  upper 
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slope,  VO  Y  (see  paragraph  546).  And  as  these  conditions  must  exist 
for  each  and  every  molecule  included  between  the  planes  BB  and 
CCy  it  follows  that  the  state  of  stress  at  any  given  uniform  depth 
below  the  upper  sloping  surface  is  uniform.  In  this  paragraph 
three  things  are  determined:  (I)  that  the  pressure  on  a  plane  par- 
allel to  the  sloping  upper  surface  is  vertical  and  proportional  ta 
the  depth  (see  eq.  (332))  below  the  upper  surface;  (2)  the  direction 
of  the  pressure  on  a  vertical  plane  is  parallel  to  the  upper  sloping 
surface,  that  is,  it  is  conjugate  to  the  vertical  pressure;  (3)  the 
state  of  stress  at  a  given  depth  is  uniform. 

From  the  above  equation  (332),  p  =  wx  cos  d\  and  from  the 

_/ 

general  ratio  of  ^,  equation  (325),  we  may  write 


w  /  •«..  />..-  ^cosg+  ^cos'  e  -cos'  0 

p  <  wx  COS  u — ,     .     .     .     (333) 

cos  d  —  r  cos'  ^  —  cos'  <t> 


or 


/  ^               ^cos  d  —  Vcos'  ^  —  cos'  0  ,Q« .. 

p'  >  wx  cos  u -■  -_-_         ;      .    .    .     (334) 

cos  ^  -r  locos'  ^  +  cos'  0 


which  simply  means  that  the  intensity  of  the  pressure  parallel  to 
the  sloping  upper  surface  cannot  have  a  less  value  than 

,,co8  ^  —  Vcos'  0  —  cos'  0 
wx  COS  tf , 

COS  0  -|-  y  cos'  6  —  cos"  0 

nor  a  greater  value  than  as  indicated  in  the  first  of  the  above  equa- 
tions, (333). 

If  the  upper  plane  surface  is  horizontal,  then 

n      /v         J      /    ^      l  +  8in0  1— 8in0  /ooc\ 

^  =  0,    and  y  <  p.        .     .y    0^^    >i-  T~-    A^  P-  ^^^5   (335) 

^  -^  I--8in0  1+Hin0    ^  ?    \      / 

and  if  9  =  0,  or  the  upper  surface  slopes  at  the  angle  of  repose, 
p  =  wx  cos  <l>=^  p. 

It  is  evident  that  for  all  values  of  0  greater  than  0  equations 
(333)  and  (334)  become  impossible,  which  simply  means  that  the 
angle  of  repose  is  the  steepest  possible  slope.  In  this  case  9  >  0, 
cos  9  <  cos  0. 
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660.  Earth  Loaded  tvith  itq  oton  Weight, — In  a  mass  loaded  with 
its  own  weight  the  gravitation  of  the  earth  causes  the  vertical  pres- 
sure, the  vertical  pressure  causes  a  tendency  to  spread  laterally, 
and  the  tendency  to  spread  laterally  causes  the  conjugate  pressure; 
therefore  the  vertical  and  conjugate  pressures  stand  to  each  other  in 
relation  of  cause  and  effect,  or  active  and  passive,  respectively;  and 
by  ihQ  principle  of  least  resistance  the  passive  or  conjugate  stress 
will  be  the  least  which  is  consistent  with  stability.  And  as  this 
will  always  be  the  condition  when  a  piass  of  earth  is  supported  by 
a  wall,  or  simply  remaining  at  a  slope  of  the  upper  surface  equal  to 
the  angle  of  repose,  as  the  side  slopes  of  an  embankment,  it  is  only 
necessary  to  use  the  least  values  of  ^y  in  the  preceding  paragraph, 
and  the  equations  for  practical  use  are  the  following: 

For  the  vertical  pressure 

p  =  wxco^6, (330} 

For  the  conjugate  pressure  parallel  to  the  steepest  declivity 

,                  ^ cos  ft'  —  4^cos'  6  —  cos'  0  .-.^, 

p'  =  wx  COS  d -==^  z==^.     .     .     (337) 

cos  6  -\-  r  cos'  0  —  cos'  (/> 

For  a  horizontal  ground  surface 

^  =  0;    cos  ^  =  1;    p  =  wx;     and     »'  =  if^X:r—. — : — ?-  (338) 

1  +  sm  0    ^      ' 

For  the  ground  surface  inclined  at  the  natural  slope 
ff  =  (pl    cos  0  =  cos  <p;    and    p' =  p  =  tax  cos  (p.    .     (339) 

561.  If  the  earth  surface  is  acted  upon  by  some  additional  load 
or  pressure,  the  conjugate  pressure  may  increase  until  it  becomes 
(the  greatest  possible,  as  indicated  by  equations  (333)  and  (335). 
This  condition  has  been  discussed  in  case  of  loads  upon  soft  foun- 
dation-beds (see  paragraphs  398,  399,  equations  (276),  (277) ),  and 
will  be  again  used  in  determining  the  holding  power  of  earth  when 
acted  upon  by  an  external  pull  or  thrust. 

There  is  a  third  pressure,  whose  direction  is  perpendicular  to 
the  plane  oipx  and  py.  It  is  a  passive  pressure,  and  also  a  princi- 
pal pressure;  it  must  therefore  be  the  least  possible  consistent  with 
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stability,  aud  must  be  equal  to  the  least  pressure  in  the  plaTie  of  px 
and  py.  This  pressure,  however,  plays  no  part  in  connection  with 
retainiug-walls  proper,  but  does  in  the  case  of  wing  or  U  abutments. 
The  greatest  and  least  stresses,  or  principal  stresses,  in  this  plane 
are  to  be  found  from  equation  (305)  by  substituting  for  p^  and  py 
in  the  fractions,  i.e ,  the  second  members,  the  values  of  p  and  p' 
respectively,  equations  (336),  (337),  (338),  and  (339)  of  the  preced- 
ing paragraph. 

We  are  now  prepared  to  apply  the  foregoing  principles  and  for- 
mulae to  the  pressure  of  earth  against  a  vertical  plane,  or  against 
the  back  of  a  retaining- wall,  whether  vertical  or  having  an  inclina- 
tion to  the  vertical. 


Pig.  229. 


PRESSURE   OF   EARTH   AGAINST   A   VERTICAL   PLANE. 

562.  In  Pig.  229  let  OX  represent,  a  vertical  plane  in  or  in  con- 
tact with  a  mass  of  earth  whose  upper  surface  }  OriB  either  hori- 
zontal or  inclined  at  any  angle  ^,  and 
is  intersected  by  a  vertical  plane  per- 
pendicular to  that  of  steepest  decliv- 
ity. 

It  is  required  to  find  the  pressure 
exerted  by  the  earth  against  the  ver- 
tical plane  from  0  down  to  X  at  a 
depth  0X=  X  beneath  the  surface; 
also,  the  direction  and  point  of  ap- 
plication of  the  resultant  pressure. 

Let  BB  be  a  plane  passing  through  the  point  X  and  parallel  to 
YOY.  It  is  only  necessary  to  consider  a  length  of  the  plane  OX 
of  unity  in  a  direction  perpendicular  to  the  plane  of  the  paper. 
Since  the  intensity  of  the  vertical  pressure  is  proportional  to  the 
depth  of  any  plane  below  the  surface  YOY,  and  the  conjugate 
pressure,  within  any  given  mass,  having  the  same  slope,  same  angle 
of  repose,  and  the  same  specific  gravity,  varies  with  the  vertical 
pressure,  and  it  will  be  a  uniformly  varying  stress,  whose  intensity 
at  0  is  zero  and  whose  intensity  at  X,  the  distance  of  x  below  the 
point  0,  is  py'y  hence,  to  find  the  length  of  the  prism  having  an 
oblique  base  of  the  area  of  unity  in  the  plane  OX,  and  whose 
weight  per  unit  of  volume  is  w,  we  have,  letting  z  represent  the 
length. 
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ZXWXlXOOB  (^=z  ZW  COB  0  =p\ 


Then  lay  off  2;  =  XJ9  (in  Fig.  229)  =  — ^^.     But  from  equation 

^  °  '  W  008  d  ^ 

(334) 


wqqbO        p  cos  6  +  tocos'  a  -  cos"  0 

Hence  if  from  the  lowest  point  of  the  plane  OX  at  Xwe  draw  or 
lay  off  a  line  whose  length  is  XD  =  or-^y  i.e.,  the  verticiil  height  of 

Px 

the  plane  multiplied  by  the  ratio  of  the  conjugate  pressure,  it  will 
represent  the  intensity  of  the  pressure  on  the  vertical  plane  at  the 
point  X,  This  line  is  laid  off  on  BB',  since,  as  shown  in  paragraph 
546,  the  direction  of  the  conjugate  pressure  is  parallel  to  the  sur- 
face YOY,  This  same  construction  could  be  made  at  any  point 
between  0  and  X,  but  since  it  is  uniformly  varying,  it  is  only  nec- 
essary to  draw  the  line  OD ;  then  the  ordinate  of  the  triangle  at  any 
depth  parallel  to  XD  or  FOl^will  represent  the  intensity  of  the 
stress  at  that  depth.  The  total  pressure  on  the  wall  will  then  be 
simply  the  weight  of  a  prism  of  earth  whose  base  is  the  area  of  the 
triangle  OXD,  and  whose  length  is  the  length  of  the  plane  OX  in 
a  direction  perpendicular  to  the  plane  of  the  paper.  But  as  the 
length  is  taken  as  unity,  the  volume  of  the  prism  will  be  equivalent 
to  the  area  of  the  triangle  OXD,  which,  multiplied  by  the  weight 
of  a  unit  of  volume  of  the  earth  (=  w'),  will  give  the  weight  of 
the  prism  which  is  equal  to  the  total  pressure  P  on  the  plane  OX. 
The  mathematical  expression  as  determined  directly  will  be  given 
in  another  paragraph. 

It  will  now  be  determined  as  follows :  The  total  pressure  on  the 
plane 

OX  =  P'  =  fv'dx  =  ^-fpxdx  =  ^-ftv'x  cos  Bdx 

7r  V         ^  «'       ?^ V         ^  COS  6^  —  4^008*  tf  —  cos*  0       ,0  .  ,  V 
=  -—-  cos  6^-  =  —^  cos  0     ^ L.      (341) 

^  P         2  cos  6^  +  ♦^cos'  (y  -  cos'  0 

Since  the  prism  of  pressure  has  a  triangular  base,  and  the  result- 
ant pressure  must  pjiss  through  the  centre  of  gravity  of  the  prism 
at  G,  and  must  be  parallel  to  the  base  XDy  the  point  of  application 
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of  the  resultant  H  will  be  found  at  a  distance  XH  =  ^x  from  the 
point  Xy  or  OH  =  f x  from  the  point  0. 

If  the  surface  of  the  ground  I'OFis  horizontal^  ^  =  0,  cos  ^=1,. 
and  equation  (341)  becomes 

P'  =  !^-«m) (342). 

2(1  +  sin  0)  ^      ' 

If  the  surface  of  the  ground  slopes  at  the  angle  of  repose, 
6  =4),  cos  0  =  cos  0,  and  there  results 

P'  =  ^  COS  0. (343)n 

563.  A  very  simple  geometrical  construction  based  upon  the 
above  principles  and  relations  enables  us  to  find  the  ratio  of  the 
conjugate  pressures  in  terms  of  6  and  0.  Let  p'  be  the  less  and  p 
the  greater  of  two  conjugate  pressures  having  a  common  obliquity, 
or,  what  is  the  same  thing,  making  equal  angles  with  the  normal 
to  their  planes  of  action,  which  is  the  angle  6^,  having  for  its  maxi- 
mum or  limiting  value  ^  =  0.  If,  then,  in  Fig.  230  we  draw  a  line 
OX  to  represent  both  normals  at  once,  and  also  a  line  0  Y  making 
an  angle  of  B  with  ON^  the  lengths  of  lines  representiug  p  and  p' 
will  be  found  on  this  line;  and  since  at  the  limiting  value  of  6^  =  0 
we  have  j»=jp',  if  we  draw  a  line  OR  to  represent /;  =//,  and  there- 
fore making  an  angle  of  0  with  the  normals  ON,  it  is  evident  that 
p  and  p'  will  be,  respectively,  the  secant 
and  its  external  segment  of  a  circle  tan- 
gent to  OR.  If,  then,  we  find  a  point 
M  from  which  as  a  centre  the  circum- 
ference AGB  is  described  tangent  to  ^  A  m 
OZ  and  cutting  OZ  in  two  points  P  ^'®-  ^^^• 
and  Qy  then  will  OP  be  the  greater  and  OQ  the  less  of  the  conju- 
gate pressures,  and  OR  will  be  their  common  value  when  ^  =  0. 

This,  again,  is  easily  recognized  as  the  same  general  construc- 
tion of  the  ellipse  of  stress.    From  Fig.  230, 

OR'  =OPx  OQ; 


^      Off;  _  qjr  --  rm  _  om  -  om  sin'  0  _  qj/  cos'0 

^'^  OP"         OP         ■"  OP  "        OP       ' 
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QS  =  SP  =OS-OQ^  OJf  COS  6  -  — ^^^, 

since  MS  is  perpendicular  to  OP.     But 

OM^  cos'  (b 
OP=OS  +  SP^  OM  COB  6  +  OJf  cos  0 op       ' 

.-.  0P»  =  203/  X  OP  cos  e  -  Oif'  cos'  0. 
Solving  this  equation, 


OP  =  OJf  (cos  S  ±  Vcos'  d  -  cos*  0,) 
the  lesser  value  being  OQ'y 


OQ  __  cos  6^  -  ^cos'  e  —  cos'  <t> 
"  OP'^  cos  0+  i^cos?  f^  -  cos*  0' 


and 


OP      cos  6/  +  faces'  6  -  cos'  0 
OC  ~  cos  <5/  -  Vcos'  6^  -  cos''^ 


.     .     .     (344) 


:«nd  --  must  be  greater  than  77^  and  less  than  7^7^. 
p  °  OP  OQ 


STABILITY   OF  RETAINING-WALLS. 

664.  We  are  now  prepared  to  apply  the  principles  of  the  forego- 
ing discussion  to  the  stability  of  retaining-walls,  whatever  may  be 
the  cross-section  of  the  wall,  or  the  inclination  of  the  back  of  the 
wall  to  a  vertical  plane. 

In  Fig.  231  the  back  of  the  wall  slopes  away  from  the  mass 
of  earth,  as  shown  by  the  dotted  line  AB^  or,  what  is  more  com- 
mon and  better,  has  a  series  of  steps,  as  shown  by  the  full  lines. 
It  seems  useless  to  assume  the  back  of  the  wall  as  a  smooth 
and  uniform  surface  along  which  an  earth  mass  would  be  free 
to  slide,  if  any  sliding  could  occur,  until  the  wall  yields  to  the 
pressure — an  assumption  which  is  invalid,  since  the  wall  is  always 
assumed  to  be  stable  under  the  action  of  the  greatest  possible  press- 
ure; and,  as  the  back  of  the  wall  is  or  should  be  very  rough,  or 
Jbuilt  in  steps,  it  is  perfectly  rational  to  consider  that  the  prism, 
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regular  or  irregular,  between  the  back  of  the  wall  and  a  vertical 
plane  intersecting  the  base  of  the  wall,  or  the  prism  ABC,  simply 
rests  upon  the  wall,  thereby  adding  weight  to  it,  and,  conse- 
sequently,  increased  stability.  This  weight  is  not  added,  the  net 
weight  of  masonry  alone  being  considered,  as  it  will  be  on  the  side 


Fio.  281. 


Fig.  233. 


of  safety.  In  Fig.  232,  the  wall  leans  backward  against  the  pres- 
sure, and  we  can  readily  conceive  that  the  back  of  the  wall  is. 
imbedded  in  the  earth  as  far  as  the  vertical  plane  A  C,  The  effect 
of  this  can  be  taken  as  simply  relieving  the  wall  of  a  part  of  its- 
weight  equal  to  the  weight  of  a  volume  of  earth  represented  by  the 
triangle  ABC  per  unit  of  length  of  the  wall.  For  safety,  then,  the 
wall  can  be  considered  as  composed  of  two  portions:  BDEC,  having 
a  specific  gravity  of  masonry;  and  the  portion  ACBy  having  the 
specific  gravity  of  the  masonry  less  that  of  the  earth  behind  it. 
This  should  be  considered  in  determining  the  weight  of  the^ 
wall. 

In  either  case,  therefore,  the  pressure  of  the  earth  may  be  taken 
as  if  acting  on  a  vertical  plane,  the  form  and  slope  of  the  back  of 
the  wall  only  affecting  the  actual  weight  and  moment  of  stability. 
As  will  be  seen  hereafter,  the  sloping  of  the  courses  of  masonry 
arising  from  the  inclinations  of  the  face  and  back  of  the  wall  has. 
the  effect  of  increasing  the  stability  of  the  wall  against  both  sliding 
and  overturning. 

565.  The  effects  of  the  pressure  on  a  wall  is  (1)  to  increase 
the  crushing  force  on  the  front  portion— this  ordinarily  is  a  mat- 
ter  not  worth  considering;  (2)  to  cause  one  portion  to  slide  on 
another;  (3)  to  cause  a  bodily  overturning  of  the  wall  on  its 
base — that  is,  along  the  front  or  outer  edge  of  the  base,  or  that 
of  some  plane  or  section  parallel  to  the  base;  this  overturning 
tendency  is  equal  to  the  product  of  the  pressure  and  the  per- 
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pendicular  distance  from  the  line  of  its  action  to  the  axis  about 
which  the  turning  actually  takes  place  or  is  assumed  to  take  place. 
This  is  called  the  moment  of  the  pressures.  These  effects  or  ten- 
dencies are  resisted,  respectively,  by  (1)  the  strength  of  the  masonry 
to  resist  crushing;  (2)  by  the  resistance  called  frictional  resistance 
or  stability,  and  is  caused  by  the  resistance  to  sliding  of  one  portion 
of  the  masonry  on  another  portion, — both  of  these  resistances  are 
usually  sufficient  to  insure  the  stability  of  the  wall  against  these 
tendencies;  and  (3)  the  resistance  of  the  wall  to  overturning,  which 
is  the  product  of  the  weight  of  the  wall  acting  through  its  centre 
of  gi'avity  and  the  perpendicular  distance  of  its  line  of  action  from 
the  actual  or  assumed  axis,  which  is  called  the  moment  of  the 
weight  or  stability. 

666.  Stahility  requireSy  theriy  that  the  resistafice  to  sliding  shall 
he  equal  to  or  greater  than  the  tendency  to  slide.  This  will  he 
insured  tohen  the  directioii  of  the  resultant  of  the  weight  of  the 
wall  atid  the  pressure  on  it  does  not  make  with  the  normal  to  any 
plane  of  action  an  angle  greater  than  the  angle  of  repose  of  masonry 
on  masonry.  The  stahility  against  overturning  will  he  insured 
when  the  moment  of  the  weight  is  greater  than  the  moment  of  the 
pressure  with  respect  to  the  same  axis. 

We  have  already  found  the  equations  by  which  the  magnitude, 
direction,  and  point  of  application  of  the  pressure  of  the  earth  can 
be  determined  (see  paragraph  562).  It  only  remains  to  find  the 
weight  of  the  wall,  the  centre  of  gravity  through  which  its  line  of 
action  passes,  and  the  respective  lever-arms  of  the  pressure  and  the 
weight. 

667.  These  quantities  will  first  be  determined  in  general  expres- 
sions, and  will  subsequently  be  applied  to  the  more  common  cases 
occurring  in  actual  structures. 

The  general  case  is  represented  in  Pig.  233,  in  which  the  sur- 
face YOV  of  the  ground  has  an  indefinite  slope,  making  an  angle 
ff  with  the  horizon.  The  wall  ABCD  inclines  backwards  towards 
the  earth. 

The  foundation-bed  and  the  inclination  of  the  masonry  courses 
are  inclined  against  the  direction  of  the  pressure  and  make  an 
angle  /  with  the  horizon. 

The  prism,  whose  weight  is  equal  to  the  pressure  of  the  earth,  is 
represented  by  the  triangle  ODXy  its  length  in  a  direction  perpen- 
dicular to  the  paper  being  taken  as  unity.  This  triangle  is  con- 
structed  by  laying  off  DX  from  the  base  of  the  wall  parallel  to  the 
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surface  of  the  ground  and  equal  to  x  times  the  ratio  of  the  conju- 
gate pressures,  and  then  joining  0  and  X.  The  rest  of  the  con- 
struction is  clearly  shown  in  the  drawing.  The  following  notation 
is  used : 

X  =  OD  is  the  vertical  plane  upon  which  the  pressure  is  sup- 
posed to  act. 

H,  the  point  of  application  of  the  pressure  P,  at  ix  from  D. 

HL,  the  direction  of-  the  pressure  F  parallel  to  the  surface  of 
the  ground. 

TS,  the  magnitude  of  the  pressure  P  passing  through  the 
<5entre  of  gravity  G'  of  the  prism  of  pressure,  which  is  on  the  line 
/)B'  bisecting  DX,  and  one  third  of  its  length  from  E\ 


..-"X 


Pig.  283. 


SV,  the  magnitude  and  direction  of  the  weight  of  the  wall  act- 
ing vertically  downwards  through  its  centre  of  gravity  G. 

SU  =  iZ,  the  resultant  of  the  weight  W  of  the  wall  and  the 
pressure  P  of  the  earth. 
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The  point  a,  where  the  resultant  R  pierces  the  base  AD,  is  called 
the  centre  of  resistance. 

The  perpendicular  distance  aL  from  a  to  the  line  of  action  of 
of  F  is  its  lever-arm ;  and  the  perpendicular  distance  from  a  to  the 
line  of  action  of  W  =  ad  is  its  lever-arm. 

The  line  HF  is  parallel  to  aL,  and  the  line  aM  is  parallel  to 
LH;  KB  is  parallel  and  equal  to  MF;  HM  is  parallel  and  equal 
to  aL, 

AD  is  the  thickness  of  the  wall  at  the  base  =  t',  e  is  the  point 
where  the  line  of  action  of  IF  pierces  the  base  AD;  b  is  the  centre 
of  figure  of  the  base;  qt  is  the  distance  from  6  to  a;  (ft  is  the  dis- 
tance from  h  to  e.  These  are  expressed  in  fractious  of  the  thickness,, 
for  convenience,  e  and  a  may  be  on  the  same  side  of  h,  in  whicli. 
case  ea  =  qt  —  q't;  or  they  may  be  on  opposite  sides  as  in  the  figure,, 
and  then  ea  =  qt  -\-  q't.     It  will  enter  the  formulaB  as  qt  ±  q't. 

OF  is  the  altitude  of  the  triangle  ODX  representing  the  prismr 
of  pressure. 

UZ  is  horizontal,  and  makes  an  angle  =  6  with  UV  =  TS  =  I\ 
The  several  angles  equal  to  tf  are  shown  in  the  drawing. 

nN\s  a  perpendicular  to  the  base  AD;  and  the  angle  SaN  must 
always  be  less  than  <p',  the  angle  of  repose  of  masonry  on  masonry^ 
and  this  must  be  true  for  any  point  or  plane  parallel  to  AD.  The 
angle  of  repose  of  the  earth  is  <p,  which  must  always  be  greater 
and  than  the  angle  6. 

The  total  pressure  of  the  earth  on  the  wall  P  is  equal  to  the 
volume  of  the  prism  ODX,  which  for  a  length  of  unity  is  equiva- 
lent to  its  area.     Area  ODX  =  ^OE  X  DX.    But  from  the  triangle 

OED.  OE^iOD)  or  «  c«  .;  .nd  /,X=  m  »4;',"''' 
being  the  conjugate  pressures.   Hence  area  ODX  =  ' — — —  - ;  and 

if  w'  is  the  weight  of  unity  volume  of  the  earth,  then ^ 

is  the  weight  of  the  prism  and  equal  to  P,  or 

„      w'x^  cos  6  p'      w  V         .,  cos  6  —  l^cos*  6  —  cos'  (p      .^  ^  ^ . 

P  =  TT —  =  -TT-  cos  0 ,     (345) 

^         P         3  cos  (y  +  Vcos"  d  -  cos*  0 

the  same  expression  as  already  found  in  eq.  (341).    to  =  w'. 

The  lever-arm  of  P  with  respect  to  an  axis  perpendicular  to 
the  plane  of  P  and  W  at  the  point  a  is  aL, 
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aL^HF-  MF^HF-  KD  =  HD  cos  6/  -  aJP  sin  {6 ^  J) 
=  ia:  cos  6^  -  {\t  +  qt)  sin  (#  +  /) (346) 

The  moment  of  this  pressure 

=  Jf=P[iiccos  6^-(i  +  g)/8in(<^+J)].    .     .     (347) 

To  Determine  the  Moment  of  the  Weight  of  the  Wall. — The 
weight  of  the  wall  will  always  be  some  constant  n  multiplied  by  its 
length,  height,  and  thickness,  and  this  by  the  weight  of  unity  vol- 
ume w.  Hence  W  =  nhbtw  cos  J  =  nhtw  cos  J,  its  length  b  being 
unity.  The  lever-arm  of  this  weight  with  respect  to  an  axis  at  a  is 
ad=  ae  cos  J=  {qt-\-  q't)  cos  J,  and  its  moment  is 

nht*w{q  +  q')  cos*  J  =  Wt{q  +  q')  cos  J;     .     .     (348) 
and  in  order  that  the  wall  may  be  stable,  it  is  necessary  that 

^Kq  +  9')  cos  J  >  P[ix  cos  ^  -  (i  +  qy  sin  {0  +  J)].    (349) 


-Then  to  find  the  angle  of  inclination  of  the  resultant  R  to  the 

normal  aN',  the  angle  SaN=  SaN'  —  NaN'  =  eSa  —  NaN',  and  tan 

a        Uz  P  cos  ^  ,      „  ^  P  cos  <9 

eSa  =  -o-  =  jTT  .    p-- — 2j    or    angle  cfi'a  =  arc  tan  ,j,  ,    ^  - — 
aSjb        ft  4-  P  sm  ^  ®  If -h  P  sin 


Hence 


CI        -^T  X  P     COS     9  T  M»  r«  V 

iSrtJ\r  =  arc  tan  ^  ,    p- — ti  —  J  <  4>  >     •    •    (350) 

rT  +  P  sm  ^  ^      ' 


£q.  (349)  must  be  fulfilled  to  insure  stability  against  overturn- 
ing and  eq.  (350)  stability  against  sliding.  As  the  angle  SaN^  has  its 
greatest  value  at  a  plane  or  joint  through  S  or  rather  at  A,  and 
the  weight  of  the  wall  and  consequently  the  frictional  resistance  at 
that  joint  is  less,  it  is  never  necessary  to  examine  into  this  condi- 
tion lower  down  than  the  joint  next  below  the  point  of  application 
of  P.  But  as  it  is  clear  that  this  condition  can  always  be  fulfilled 
by  inclining  suflBciently  the  bed-joints,  in  other  words,  increasing 
the  angle  </,  eq.  (350)  can  always  be  satisfied,  and  it  is  only  neces- 
sary to  see  that  eq.  (349)  is  fulfilled.  This  is  done  simply  by  find- 
ing the  value  of  t,  the  thickness  of  the  wall,  when  all  of  the  other 
quantities  in  the  equations  are  given.  It  is  to  be  noted  that  the 
axis  of  moments  is  taken  at  a  instead  of  at  A,  where  the  turning 
would  naturally  occur.  This  is  done  as  it  evidently  reduces  the 
moment  of  the  weight,  since  da  is  less  than  dA,  giving  a  shorter 


642  KINDS  OF  MASONRY   AND  CONSTRUCTION. 

lever-arm,  and  at  the  same  time  it  increases  the  moment  of  the 
pressure  P^  as  La  is  greater  than  LA.  Taking,  then,  the  axis  at 
a  has  the  same  effect  as  a  factor  of  safety.  The  best  practice  takes 
the  point  a  not  farther  from  the  centre  h  than  three  tenths  to  three 
eighths  of  the  thickness  AD  or  L  In  other  words,  q  is  arbitrarily 
taken  at  three  tenths  to  three  eighths.  The  value  of  q'  depends 
upon  the  form  and  inclination  of  the  wall.  The  application  of  eq. 
(349)  is  simple,  but  it  is  useless  to  apply  it  as  an  illustration,  since 
the  conditions  taken  in  the  general  case  rarely  occur  in  practice. 
The  usual  and  more  common  case  is  the  following,  which  mate- 
rially simplifies  the  equations : 

CONSTRUCTION  AND  STABILITY  OF  RETAINING- WALLS. 

668.  As  seen  in  Fig.  233,  the  resultant  pressure  R  acts  towards 
the  front  of  the  wall.  For  this  reason  it  is  usual  to  build  the  front 
portion  of  ashlar  or  range- work  either  regular  or  broken,  or  rather 
of  what  is  called  good  second-class  masonry,  and  in  some  cases  of 
brickwork.  The  rear  portion  or  backing  is  almost  universally  built 
of  rubble  composed  of  large  and  small  stones  roughly  laid  in  courses 
corresponding  in  thickness  or  depth  with  the  face-work,  and  well 
bonded  into  it.  For  important  works  cement  mortar  is  always 
used.  Sometimes  lime-paste  and  cement-paste  are  mixed  in  equal 
portions,  or  with  an  excess  of  the  one  or  the  other — ^according  to  the 
magnitude  and  importance  of  the  work  and  the  notion  of  the  chief 
engineer.  The  face  of  the  wall  is  usually  built  on  a  batter  of  ^  inch 
to  each  vertical  foot — sometimes  as  much  as  1  inch.  The  back  of 
the  wall  is  always  built  rough,  and  commonly  in  the  form  of  a  series 
of  steps. 

The  top  of  the  wall,  though  theoretically  it  might  have  no 
thickness,  is  rarely  made  less  than  from  2  to  3  feet,  and  the  requi- 
site thickness  at  base  and  at  intermediate  points  is  secured  by  the 
steps,  the  number  and  widths  of  which  are  regulated  accordingly. 
In  abutments  for  bridges,  in  addition  to  the  2  feet  of  thickness  at 
the  top,  it  is  necessary  to  provide  at  a  depth  of  a  few  feet  from  the 
top  a  rest  or  bridge  seat  for  one  end  of  the  end  span  of  the  bridge. 
This  varies  in  width  from  3  to  5  feet. 

Abutments,  being  only  short  walls,  are  usually  provided  with 
stems  or  wings,  which  not  only  increase  the  stability  of  the  face- 
wall,  but  also  prevent  the  flow  of  the  earth  around  the  front,  and 
in  arch  or  short-span  bridges  favor  the  more  easy  flow  of  the 


water  tbroagh  the  opening,  as  well  as  prerenting  the  water  from 
getting  behind  the  wall  and  destroying  the  earthwork.  Retaining- 
walls  proper  are  usually  long  walla  which  may  or  may  not  have 
wingB  at  their  ends.  The  principles  governing  the  stability  of 
abutments  and  retaining- walls  are  the  same,  however,  and  will  be 
considered  together. 


Figs.  334,  S35,  and  236  show  the  plan,  elevatioQ,  and  cross- 
sections  through  the  face-wall  and  wings,  respectively,  of  the  U 
abutment,  which  is  shown  as  constructed  of  broken-range  or 
random-course  masonry. 

Figs.  237,  338,  and  339  are  the  plan,  elevation,  and  sections  of 


THE  U,  T,  AND  ■WIKQ  ABDTMENT8. 


BETAlNlNa-WALLB.  645 

the  T  abatmeot,  built  of  good  range  or  second-claae  masonry,  in  the 
case  shown. 

Figs.  340,  241,  and  242  are  plan,  elevation,  and  sections  of  the 
wing'slMitmflDt  bnilt  of  flrst-claae  ashlar. 

WINS  MflUTMENT 

FiO.  84-1. 


In  all  cases  the  backing  is  intended  to  be  of  rubble.  Except 
for  securing  good  bond  and  avoiding  the  use  of  an  unnecessary 
amount  of  small  stoue, — which  is  really  a  matter  of  no  great  impor- 
tance  with  good  mortar,  as  the  only  effect  is  to  reduce  somewhat  the 
weight  of  the  wall, — the  backing  can  be  left  pretty  much  to  the 
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builder,  as  in  order  to  aroid  unnecessary  care  in  the  construction 
and  in  the  selection  of  the  material  he  nearly  always  builds  the 
walls  of  a  greater  thickness  than  called  for  on  the  plans.  The  front 
of  the  walls  are  usually  rock-face. 

669.  In  determining  the  moment  of  stability  of  the  wall  it  is 
necessary  to  know  both  the  form  of  the  cross-section  and  to  be  able 
to  locat«  the  position  of  the  centre  of  gravity,  aa  well  as  the  unit 
weight  of  the  masonry.  Therefore  the  methods  of  determining  the 
centre  of  gravity  and  volume  of  some  of  the  ueual  and  simpler 
foiiuB  will  be  given. 


o gl 


In  Figs.  243  (e),  (/),  {h),  {ir),  (?)  are  represented  the  more 
common  types,  (e)  is  a  vertical-faced  rectangular  wall ;  (/),  a  wall 
of  a  trapezoidal  croBS-section ;  (h),  a  wall  with  face  and  back  in- 
clined, with  plane  surfaces,  against  the  pressure;  (i),  a  wall  with 
curved  faces  inclined  against  the  pressure;  and  {I),  the  usual  form 
of  cross-section,  with  a  batter-face  and  steps  behind  forming  a 
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series  of  trapezoids  the  one  over  the  other — practically  they  are  rec- 
tangles, and  will  be  so  considered.  The  walls  proper  are  drawn  in 
full  lines,  and  all  lettered  ABCD.  The  dotted  lines  are  simply 
auxiliary  lines  used  in  determining  the  positions  of  the  centres  of 
gravity  of  the  walls  proper.  The  positions  of  the  centres  of  gravity 
of  the  walls  are  indicated  in  all  cases  by  the  letter  g,  a,  b,  c,  and  d 
are  the  centres  of  gravity  of  the  auxiliary  triangles,  curved  seg- 
ments, rectangles,  etc.,  formed. 

670.  Any  geometrical  figure  having  a  centre  of  figure, — that  is, 
an  interior  point  so  situated  that  all  straight  lines  drawn  through 
it  and  terminating  in  the  boundary-lines  are  bisected, — the  centre 
of  gravity  will  be  found  at  that  point.  For  instance,  the  centre  of 
gravity  of  a  circle  is  at  its  centre;  of  a  rectangle  or  parallelogram, 
at  the  intersection  of  its  two  diagonals;  of  a  regular  polygon,  at 
the  centre  of  the  inscribed  or  circumscribed  circles;  and  similarly 
for  many  other  forms. 

In  all  of  these  cases  it  is  seen  that  the  figure  of  the  wall  can  be 
made  by  simply  transposing  a  part  of  a  regular  figure  from  one  posi* 
tion  to  another,  and  the  centre  of  gravity  of  the  proper  figure  is 
determined,  as  Mr.  Eankine  calls  it,  by  "  transposition. '^  The  sole 
underlying  principle  is  that  explained  for  finding  the  centre  of 
gravity  or  centre  of  parallel  forces,  or  centre  of  gravity  of  loads,  in 
Art.  22,  paragraph  204. 

In  Figs.  243  {e),  which  is  a  rectangle  or  parallelogram,  the  centre 
of  gravity  g  is  at  its  centre  of  figure,  i.e.,  at  the  intersection  of  its 
diagonals. 

To  determine  the  centre  of  gravity  of  a  trapezoid  ( f) :  Draw 
2>^  parallel  to  CB,  dividing  the  figure  ABCD  into  a  triangle  and 
a  parallelogram.  The  centre  of  gravity  of  the  triangle  is  on  the 
line  DO  bisecting  AFy  and  at  one  third  of  the  length  of  this  line 
from  0  at  ^,;  the  centre  of  gravity  of  the  parallelogram  is  at  its 
centre  of  figure,  g^.  By  the  principle  of  the  lever  the  line  of  action 
of  the  weight  of  the  trapezoid  must  intersect  the  line  g^g,  at  a  point 
such  that  w  :  w'  ::  g^g^  :  gg^.  The  point  g  can  then  be  found  either 
by  calculation  or  graphically;  the  latter  is  sufficiently  accurate  and 
'simple,  the  former  is  long  and  tedious.  In  this  proportion  w^  is 
the  weight  of  the  triangular  portion  and  w  that  of  the  entire  trape- 
zoid; w,  w',  and  g^g^  being  known,  gg^  and  gg^  can  be  found. 

In  Fig.  243(^),  with  curved  front  and  back,  it  would  be  neces- 
sary to  know  the  character  of  this  curve  in  order  to  find  the  centre 
of  gravity  of  the  segment  DAF.    If  it  is  a  parabolic  segment,  the 
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centre  of  gravity  is  found  at  a  point  a  two  fifths  of  FA  from  /7>, 
aud  at  a  distance  of  i'«  =  f  X  FD  from  the  line  AF.  It  this  eeg- 
nient  is  taken  away  from  the  rectangle  ABKF,  whose  centre  of 
grftvity  is  6',  then  the  centre  of  gravity  of  the  remainiog  portion 
will  be  found  on  the  prolongation  of  the  line  ac  at  a  point  d  so  situ- 
ated that  v}^:w::aA::ad,  w^  being  the  weight  of  the  segment 
ABED,  and  w  the  weight  of  the  rectangle  ABFE.  Then,  if  the 
segment  FAD  is  transposed  to  the  position  EHC,  its  centre  of 
gravity  *  is  known,  and  the  centre  of  gravity  d  is  also  known ;  then 
the  centre  of  gravity  g  of  the  curved  wall  is  found  oh  the  line  join- 
ing d  and  b,  aud  at  point  g,  so  situated  that  w  :  w,  ::  db  :  dg,  from 
which  g  can  be  located,  the  centre  of  gravity  of  ADCB. 

In  Fig,  243(/),  a  and  b  being  the  respective  centres  of  gravity 
of  the  rectangles  DEFC  and  EFHG,  the  common  centre  of  gravity 
of  their  sum  is  on  the  line  ab;  then,  joining  this  point  C  and  the 
centre  of  gravity  of  the  rectangle  ^ff^5  at  rf,  the  centre  of  gravity 
of  the  entire  wall  is  found  on  the  line  cd  at  a  point  g,  found  by 
applying  the  principle  of  the  lever  as  above. 

671.  It  is  not  u  matter  of  so  much  importance  in  retaining- walls 
to  find  the  exact  position  of  the  centre  of  gravity  itself  as  it  ie  to 
determine  the  effect  of  changing  the  furm  of  the  cross-section  or 
the  inclination  of  ita  faces  upon  the  position  of  the  line  of  action  of 
its  weight,  as  this  increases  or  decreases  its  lever-arm  and  its  mo- 
ment of  stability.  If,  in  Fig.  243(e),  which  is  a  vertical-faced  rec- 
tangular wall  whose  centre  of  gravity  is  at  g,  we  shonld  batter  the 
face  AD,  thereby  removing  the  triangular  portion  DAD',  we  would 
reduce  the  weight  of  the  wall  by  the  weight  of  the  triangular  portion 
DAD';  bnt  as  ita  centre  of  gravity  of  the  wall  would  be  removed 
from  g  to  g^,  thereby  increasing  Its  lever-arm  with  respect  to  an 
axis  at  A  or  r,  by  a  distance  =  FG,  there  would  be  a  certain  value 
for  the  baae  of  the  triangle  DD',ior  which  the  moment  of  the  weight 
of  the  trapezoidal  wall  AD' OB  would  be  the  same  as  the  moment  of 
the  weight  of  the  heavier  rectangular  wall  ABCD.  The  centre  of 
gravity  of  the  trapezoidal  wall  will  be  found  on  the  prolongation  of 
the  line  g^,  and  at  distance  from  g,  found  by  the  principle  of  the 
lever,  as  in  the  preceding  cases;  but  ae  we  only  desire  to  know  the 
horizontal  distance  from  g  to  g,  =  F6,  we  can  assume  that  the 
weights  10^,  w,  and  w,  act  at  points  g,,  a,  and  b  on  the  same  hori- 
zontal line.     Then  it  is  required  to  find  ab. 

10  :  w, ;  w,  : :  g,b  :  g^a  ;  ab.  ff,a  is  known,  since  we  know  the 
positions  of  the  centres  of  gravity  g,  and  g  of  the  triangle  and  rec- 
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tangle,  reBpectivelj;  w  and  w^  are  known,  as  they  are  the  weights 
of  the  rectangle  and  trapezoid,  respectively  (all  walls  are  taken  as 
nnity  in  length,  and  the  weights  are  simply  proportional  to  the 
areas);  w^y  the  weight  of  the  triangle,  is  the  difference  between  w 
and  w^;  and  w^:  w^::  g^a  :  db. 

If  moments  be  taken  about  r,  distant  from  A  equal  to  Ar  = 
(i  "  Q)^9  ^^^^  ^^^  moment  of  the  rectangle  about  an  axis  at  r  is 
equal  to  toqt,  and  the  moment  of  the  trapezoid  is 

w 
w^iqt  +  ab)  =  w,{qt  +  -» .  g,a). 

Since  w  =  w,  +  w,,  w{qt)  =  {w^+w^)qi;  and,  in  order  that  the 
moments  of  stability  shall  be  the  same, 

{w,  +  w,)qi  =  w,(^qt  +  J^f.a] ; 

/.  w,qt  =  w^g^a;    .\  g^a  =  qt  =  Fr. 

This  simply  means  that  if  we  so  determine  the  base  DD^  of  the 
triangle  DAD'  that  its  centre  of  gravity  is  vertically  above  the 
centre  of  resistance  or  axis  of  moments  r,  the  trapezoidal  wall  will 
have  as  much  stability  against  overturning  as  the  heavier  rectan- 
gular wall,  whereas  an  amount  of  masonry  represented  by  the  tri- 
angle will  be  saved.  In  order  that  g^  may  be  vertically  over  r, 
DD'  must  be  equal  to  3Ar  =  3£{g^  =  3(i  —  q)L 

This  is  self-evident  from  the  figure,  since  if  g^  is  vertically  over 
the  axis  of  moments,  the  lever-arm  of  the  weight  of  the  triangle 
DAD'  is  zero,  its  moment  is  zero,  and  it  could  not  add  anything  to 
the  moment  of  the  weight  of  the  trapezoid.  It  is  also  evident  that 
as  the  weight  has  been  reduced  the  obliquity  of  the  resultant  press- 
ure is  increased,  and  consequently  the  frictional  stability  of  the 
wall  is  diminished;  and  unless  the  bed  and  courses  of  the  masonry 
are  inclined  against  the  pressure,  the  wall  may  give  way  by  sliding. 

In  Figs.  243  (h)  and  (k)  increased  stability  is  secured  by  increas- 
ing the  lever-arm  of  the  weight  by  the  distances  eg,  the  weight  re- 
maining the  same. 

In  Figs.  243  {h)  and  {k)  we  have  seen  the  method  of  determining 
the  position  of  the  centres  of  gravity  of  the  inclined  walls  ABCD. 
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We  deaire  now  to  find  the  distances  eg  through  which  the  centres 
of  gravity  have  moved  in  paseing  from  a  rectangular  wall  ABEF 
to  the  inclined  walls.     We  have 

to :  v>,:i  ad :  cd ::  ah :  eg'. 


iB,:iAFy.  FD  (in  {h))=ix.FDi 

w  :ABxAF~tx; 
and 

.    ^  Ix.FD.t     FD     „ 

ab:t::cg  =  -—^-  =  ~^:gt. 

In  words,  the  lever-arm  is  increased  by  one  half  the  base  of  the 
triangle  formed  by  the  inclination  of  the  face  Ol  the  wall  with  the 
vertical,  or  the  height  of  the  wall  AF(=  x)  multiplied  by  the  tan- 
gent of  the  angle  of  inclination. 

In  figure  {k),  when  the  curve  AD  is  a  portion  of  a  parabola, 

w,:iAFxFD  =  ^.FD;    w  :  tx;    ab  =  t. 
Hence 

eg  =  iFD  =  q'i, 

or  equal  to  two  thirds  of  the  ordinate  of  the  parabola  at  the  top  of 
the  wall. 

While  these  forms  of  walls  materially  increase  the  stability 
with  a  given  quantity  of  masonry,  or  give  the  same  stability  with 
less  masonry,  they  are  rarely  used,  unless  it  is  desired  to  give 
clearance  in  excavations,  or  when  building  walls  along  water-fronts, 
as  their  slopes  or  curves  conform  more  nearly  to  the  form  of 
vessels  and  boats,  which  enables  these  to  rest  a  little  more  easily 
alongside  the  wharves. 

572.  As  the  almost  universal  rule  is  to  build  retainicg-walls 
with  a  slight  batter  on  the  face  and  with  a  rough  sloping  surface  or 
steps  on  the  back,  which,  so  far  as  stability  against  overturning  is 
concerned,  is  practically  the  same  as  a  vertical -faced  rectangular 
wall,  the  specific  gravity  being  taken  as  the  average  of  the  first- 
class  masonry  face,  the  rubble  backing  and  the  earth  resting  on  the 
steps,  that  is  about  140  pounds  per  cubic  foot,  which  would  be  a 
reasonably  light  wall,  the  formulae  will  only  be  applied  to  determin- 
ing the  thickness  of  a  vertical-faced  rectangular  wall,  with  hori- 
zontal bed  joints.    We  will  assume  that  the  earth  is  of  fair  average. 
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moist^  and  moderately  compacted^  weighing  100  pounds  per  cabio 
foot.    Then,  in  formula  from  equation  (349)  and  Fig.  244, 

^Kq  +  y')  cos  «^=  ^[*  X  COB  tf  -  (i  +  q)t  sin  (0  +  J)]; 

y  =  |;    q'  =  0;    J=0;    z  =  20;    *  =  30°;    0  =  35^ 

Substituting, 

Wqt  =  P[i  X  20  cos  30°  -  (i  +  i)t  sin  30].      .    (351) 

-,      w  V  cos  0      cos  0  —  V'cos'  6  —  cos*  0 
2  cos  0  +  locos'  ^  —  cos*  0 

_  100  X  (20)'  X  cos  30°  cos  30°  ~  Vcos*  30°  ~  cos*  35° , 
""  2  '  cos  30°  +  i^co8*~30°^^cb8'  35^ ' 

cos  30°  =  0.866;  cos  35°  =  0.819; 

cos*  30°  =  0.749956;    cos'  35°  =  0.670761. 

Substituting, 

P  =  8833  pounds,     fr=  140  X  20  X  ^, 

i  X  20  X  0.866  -  (i  +  f  )^  sin  30°  =  5.773  -  0.438fc 

Substituting  in  equation  (351), 

140x20x|<'=i8833  (5.773-0.438)f;    1050^'+3868.85^= 50992.91. 

.'.  t  =  11.68  feet 

as  the  thickness  of  the  wall  to  be  safe  against  overturning. 

In  this  case  the  earth  rises  from  the  top  of  the  wall  at  an  angle 
of  30"^;  and  if  the  earth  is  well  drained  and  remains  in  the  condi- 
tion supposed,  the  thickness  thus  determined  would  be  ample.  It 
would  hardly  be  good  practice,  however,  to  have  a  thickness  less 
than  H  X  11.68  =  17.5  feet,  or  even  equal  to  the  height  of  the 
wall,  say  20  feet,  in  order^to  provide  for  the  earth  becoming  satu- 
rated with  water. 

Using  equation  (350)  to  determine  whether  a  wall  is  safe  against 
sliding, 

P  cos  0 
8AN=-  arc  tan  ^  .    ^   . — 2  —  J<  0';  cos  6  =  0.866; 
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Bin  ^  =  0,5;  J  =  0;  0'  =  36.5°,  the  angle  of  repose  of  masonry,  or 
18^°,  the  angle  of  repose  of  masonry  on  moist  cla;;  and  P  =  8833 
pounds.     In  the  first  case 

Jf  =  ^  X  20  X  HO  X  11.68  =  21,803, 
and  in  the  second 

»r=  20  X  140  X  11.68  =  33,704; 
5aJV=  arc  tan  0.293  <  0';    arc  tan  0.292  =  16°  17'  <  36.5'. 


5aif  =  arc  tan  0.206  <  0';    arc  tan  0.206  =  11°  39'  <  18i°. 

There  is  therefore  no  danger  from  sliding  either  of  masonry  on 
masonry  or  of  the  entire  wall  on  its  foundation-bed.  In  the  first 
case  only  two  thirds  of  the  weight  of  the  wall  is  taken,  as  the  ob- 
liquity of  the  resultant  pressure  would  be  greatest  at  the  joint  next 
below  its  point  of  application,  which,  being  at  one  third  of  the 
height  of  the  wall  from  the  bottom,  only  the  weight  of  two  thirds 
of  the  wall  is  above  that  point.     {See  Fig.  244.) 

fi73.  In  the  more  usual  case  the  surface  of  the  ground  is  hori- 
zontal and  level  with  the  top  of  the  wall.     (See  Fig.  244.) 

In  this  case  9  =  0;  cos  #  =  1;  sin  fl  =  0.     Substituting, 


P'  = 


100  X  (30)'  1  -  sin  0  _  100  X  400  1- 

3  l  +  sin0~         3  1+  0.57; 


i  X  coa  ff  ~  {i  +  g)t  sin  (^  +  /)  =  i  x  30  is  the  length  of  the 
lever-arm,  and  the  moment  is  5420  x  ^.  The  moment  of  the 
weight  of  the  wall  remains  the  same.    Hence 

140  X  30  X  f/'  =  5430  x  V-    .-.  I  =  5.85  feet. 

Referring  to  Fig.  244,  ( is  the  thickness  of  a  vertical  face-wall 
AFGD  of  uniform  thickness  from  bottom  to  top,  having  a  uniform 
specific  gravity, 

574:.  If  we  assume  a  wall  supporting  the  pressure  of  water,  we 
must  change  the  value  of  w'  from  100  to  62.5  pounds.  Then 
P.  =  ^^-^  >^  <^Q)' .  i  =  12,500  Iba.,  since  0  =  0.     Sin  0  =  0  alsa 

140  X  30  X  J*  =  12500  X  ^;    .-.  *  =  8.9  feet. 
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If,  instead  of  water,  the  material  is  quicksand  or  flowing  mud, 
make  to'  =  125  lbs.;  then  ^  =  17.8  feet. 


Y* 


\  - 


j..^ 


Fig.  244. 

IfOTATioH.— 55= a;'^;       B8i=w^; 

P  Pi 

B89  =  X,  fluid  pressure ; 

P  =  0B8,     prism  of  pressure  for  sloping  surface; 

Pi  =  OBSi ,  same  for  horizontal  surface ; 

Pa  =  HB8%,  same  for  pressure  of  water; 

ABLKMNQCDA,  actual  masonry  wall. 

AEGD,  ashlar  masonry ; 

ECQNMKLB.  ruhble; 

CQNMKLH,  earth  resting  on  steps  of  back  of  wall. 

675.  The  thickness  of  the  wall  at  base  AF  for  the  different 
materials  are  by  the  formulae  as  follows : 

(1)  For  a  surface  slope,  with  ordinary  earth,  AF=  ^=11.68  ft. 

(2)  For  a  surface  horizontal,  with  ordinary  earth,  ^i^=  ^=  5.85  " 

(3)  For  fluid  pressure,  water,  Af'=zt=  8.9 

(4)  For  fluid  pressure,  quicksand  or  mud,  AF=  t=17.S 
Doubtless  many  walls  of  the  above  thicknesses  have  been  built 

and  have  served  their  purposes,  and  may  now  be  standing.  But  it 
would  hardly  be  considered  safe  practice  to  use  less  thicknesses  than 
the  following:  For  case  (1)  from  15  to  16  feet;  (2)  from  7  to  8  feet; 
(3)  from  10  to  12  feet;  and  (4)  from  18  to  20  feet. 

If  in  Fig.  244  we  had  determined  the  exact  weights  of  the 
ashlar,  rubble,  and  earth  or  shingle  resting  on  the  steps  of  the  wall. 


« 


u 
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and  the  common  centre  of  gravity  of  tbeee  portions,  the  unit  weight 
might  differ  eomevhat  from  140  pounds;  and  the  lever-artn  of  the 
weight  and  moment  of  stability  wonld  be  also  different  from  those 
used.  The  pressure  P  would  likewise  vary  with  the  unit  weight  of 
the  earth  and  its  assumed  angle  of  repose.  '  If  the  wall  is  built  of 
uniform  thickness,  the  lower  limits  given  in  cases  (1),  (2),  (3),  and 
(4),  and  if  built  in  steps,  as  shown  in  Fig.  244,  the  higher  limits  of 
*  thicknesses  at  the  bases  AF  and  AB,  respectively,  will  give  safe 
values.  In  all  ordinary  cases,  if  the  thicknesses  ae  determined 
by  the  formulae,  with  fair  average  values  for  8,  <f>,  w,  and  w\ 
be  multiplied  by  1^  to  li,  they  will  be  foand  ample  to  secure 
stability. 

676.  We  will  now  consider,  in  a  somewhat  general  manner,  since 
the  conditions  and  data  for  any  exact  diacuasion  are  entirely  want- 
ing, the  stability  of  what  are  called  surcharged  relaining -walls. 
A  wall  is  surcharged  when  the  surface  rises  from  the  top  of  the  wall 
at  the  natural  slope  for  a  certain  height,  and  then  his  horizontally. 
It  is  but  natural  to  assume  that  the  pressure  of  such  a  bank  would 
be  intermediate  in  magnitude  and  direction  between  that  of  a  bank 
having  a  horizontal  surface  level  with  the  top  of  the  wall  and  one 
rising  at  the  angle  of  repose  and  extending  indefinitely  at  that 
slope.  Mr.  Rankine  gives  an  approximate  formula  for  determining 
the  thickness  of  a  surcharged  wall.  It  would  at  least  be  unwise,  in 
the  writer's  opinion,  to  reduce  the  thickness  from  that  determined 
by  eq.  (351)  after  making  ff  =  <p  =  35°,  and  multiplying  the  resolt 
by  li  to  1^.  For  ordinary  earth  the  usual  practice  is  to  maintain 
a  slope  of  an  excavation,  which  is  supposed  to  rise  at  the  angle  of 
repose  to  the  top  of  the  excavation,  and  then  passing  to  the  natural 
slope  of  the  ground,  by  a  simple  masonry  wall  of  only  a  few  feet  in 
height  constructed  at  the  foot  of  the  slope ;  or,  it  may  be,  to  build  an 
earthen  terrace  rising  at  a  aiope  equal  to  the  angle  of  repose  for  a 
certain  height  and  then  extending  horizontally;  and  in  order  not  to 
occupy  too  much  area  with  the  base  of  the  slope,  or  in  case  it  is  near 
a  running  stream  which  would  wash  the  slope  away,  a  foot-wall  is 
constructed.  Whatever  may  be  the  purposes  of  the  masonry  foot- 
wall,  the  above  two  cases  are  typical  of  the  so-called  surchargt^ 
walls. 

677.  Wherever  nature  provides  such  slopes  the  requisite  condi- 
tions for  stability  are  found  to  exist,  as  a  rule,  and  such  a  thing  as 
a  landslide  is  rare.  It  is  only  when  man  attempts  to  imitate  nature 
by  constructing  embankments,  or  by  disturbing  the  natural  state  of 


RETAIKING-WALLS.  655 


equilibrium  by  making  ezcayations  through  masses  of  earth,  that 
settling  or  slides  occur,  which  continue  until  natural  conditions  are 
again  restored. 

So  far  as  terraces  or  embankments  are  concerned,  good  drainage 
is  or  can  be  provided;  only  a  limited  amount  of  water  can  fall  on 
their  tops  or  slopes,  and  this  can  be  readily  drained  off.  Surface 
water,  to  a  large  extent,  can  be  kept  away  from  it  by  proper  side 
ditches,  culverts,  drains,  etc.  It  is  not  very  difficult,  therefore,  to 
maintain  embankments  of  limited  extent  in  a  reasonable  condition 
of  dryness.  The  slopes  of  embankments  are  usually  fiat — seldom 
less  than  H  to  1;  and,  if  not  flat  enough  in  the  beginning,  will 
soon  find  their  proper  slope  without  any  special  damage  to  either 
slopes  or  walls  supporting  them.  If  proper  openings  are  left  in 
the  walls,  and  shivers  of  rock  or  gravel  are  provided  near  and 
against  the  back  of  the  wall  for  either  a  part  or  the  whole  of  its 
height,  it  would  seem  that  walls  whose  thicknesses  have  been 
determined  by  the  foregoing  methods  would  have  both  permanence 
and  stability. 

578.  The  more  difficult  cases  of  surcharge  occur  in  the  sides  of 
excavations.  Simply  cutting  off  a  few  feet  from  the  natural  slope, 
or  a  small  triangular  prism  having  only  a  few  feet  in  base  and 
height,  will  often  initiate  a  slide  that  will  continue  for  years,  and 
no  artificial  means  seem  adequate  to  prevent  or  stop  it.  Again, 
excavations  of  great  depths  may  be  made  at  the  foot  of  natural 
slopes,  or  through  them,  without  causing  any  serious  or  noticeable 
effects  of  any  kind,  as  seen  in  thousands  of  excavations  through  all 
kinds  of  material.  These  things  are  mentioned  as  showing  that  in 
certain  conditions  the  balance  of  natural  forces  is  often  of  the 
most  delicate  character,  and  also,  that  nature  often  leaves  large 
masses  in  conditions  having  great  surplus  of  stability.  In  the  one 
case  a  very  small  cause  produces  great  and  far-reaching  effects;  in 
the  other,  great  causes  seem  to  produce  little  or  no  disturbance. 
These  conditions  are  unknown  and  indeterminable. 

It  is  probable  that  an  immediate  substitution  of  even  a  very 
slight  artificial  support  might  obviate  much  difficulty  caused  by 
the  removal  of  a  small  prism  of  earth  at  the  foot  of  a  slope,  as  evi- 
dently such  removal  can  only  cause  a  disintegration  of  a  small  and 
adjacent  mass,  which  in  turn  admits  of  an  additional  loosening, 
this  extending  ultimately  to  great  distances  and  over  large  areas. 
When  under  the  influence  of  vibrations,  shocks,  or  an  unusual 
seepage  or  flow  of  water,  the  movement  of  even  a  small  section  may 
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result  in  au  almoet  irrceistible  sliding  or  flowing  of  large  masses. 
Tod  long  delny  in  providiug  afCificial  supports  or  reBistunces  is 
therefore,  doubtless,  a  fruitful  source  of  mucii  trouble  and  expense. 

679.  Id  deep  excavations  particularly,  seepage -water,  which 
originallj  either  sank  to  greater  depths  or,  flnding  easier  channels 
of  escape  in  other  directions,  changes  its  course  when  an  excavation 
is  made  near  it,  as  the  line  of  least  resistance  may  be  changed,  and 
in  addition  from  the  same  cause  an  increased  velocity  of  flow  takes 
place  in  towards  the  excavation.  This  is  manifested  bj  the  escape 
of  the  water  along  any  portion  of  the  slope,  or  if  one  stratum  is  more 
porous  than  another,  the  entire  flow  passing  through  it  washes 
or  scours  the  material  out,  causing  an  undermining  of  the  slope. 
It  is  then  that  it  is  determined  to  build  a  masonry  wall  over 
the  face  of  the  porous  strata  to  hold  it  in  place.  This  wall  is 
calculated  on  the  basis  of  a  fluid  pressure  having  the  specific  grav- 
ity of  the  material  itself.  It  may  be  froni  100  to  150  pounds  per 
cubic  foot,  thereby  providing  a  thickness  equal  to  or  even  greater 
than  the  height.  The  construction  of  such  a  wall  may  be  effective, 
and  often  is. 

But  probably  it  is  as  often  a  failure  as  it  is  a  success.  The  reason 
in  many  cases  is  not  tlifhcult  to  discover.  The  very  construction 
of  a  solid  masonry  wall  laid  in  cement  prevents  the  escape  of  the 
water;  this  being  confined  in  the  material,  converting  it  into  flow- 
ing mud  or  quicksand,  tends  to  change  the  direction  of  the  pressure 
to  a  more  or  less  horizontal  one,  the  intensity  of  which  is  not  dne 
to  a  vertical  pressure  of  an  earth  mass  with  a  horizontal  surface 
level  with  the  top  of  the  wall,  but  practically  to  a  vertical  height 
measured  from  the  base  of  the  wall  to  the  top  of  the  surcharge.  If 
a  calculation  is  made  upon  such  a  basis,  the  entire  inadeqnacy  of 
such  a  wall  to  resist  the  pressure  will  be  readily  seen.  In  fact  the 
wall  will  result  in  vastly  more  harm  than  good. 

880.  That  a  dry  wall,  or  at  least  one  built  very  open,  would  be 
vastly  more  effective,  is  self-evident.  It  would  serve  to  hold  the 
material  in  place  and  allow  the  free  passage  of  the  water  at  the 
same  time,  which  could  be  properly  conveyed  away  by  suitable 
drains  in  front  of  the  wall.  Walls  for  this  purpose  should  be  built 
thoroughly,  bonding  the  work  both  horizoutaily  and  vertically,  and 
not  in  regular  horizontal  courses,  headers  being  freely  used  with 
their  lengths  in  a  vertical  direction,  which  should  also  be  extended 
in  pits  sunk  below  the  foundation- bed  of  the  wall. 

681.  With  walls  of  this  kind  and  for  this  purpoae  coKnter/orig 
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are  useful  in  localizing  the  seepage-water,  thereby  preventing  any 
large  quantities  of  water  with  increasing  velocity  from  flowing 
along  and  parallel  to  the  wall,  and  scouring  out  the  material  behind 
it.  Counterforts  are  projections  built  in  rear  and  perpendicular  to 
the  main  walls,  to  which  they  are  well  bonded.  They  are  placed  at 
any  desired  distances  apart.  The  result  is  a  wall  in  sections  alter- 
nately thick  and  thin.  Simply  as  a  question  of  stability,  there 
is  but  little  masonry  saved  as  compared  with  a  wall  of  uniform 
thickness  and  equal  stability.  They  are,  however,  advantageous 
when  unusual  pressures  are  concentrated  only  at  certain  points. 

If  such  projections  are  built  on  the  front  of  the  wall  they  are 
called  buttresses,  which  are  used  for  giving  greater  stability,  as  also 
for  architectural  eifect,  relieving  the  monotonous  uniformity  of  a 
long  wall. 

682.  While  it  is  not  very  difficult  to  sustain  a  fluid  or  semi-fluid 
when  its  condition  of  internal  equilibrium  is  established,  and  not 
greatly  disturbed  at  any  time,  as  is  evidenced  by  the  numerous  high 
dams  of  earth,  masonry,  or  concrete  used  for  water-storage  pur- 
poses, it  is  of  the  greatest  difficulty,  and  even  impracticable  in 
many  cases,  to  hold  a  fluid  or  semi-fluid  in  the  act  of  seeking  its 
condition  of  equilibrium  when  this  natural  condition  is  once  dis- 
turbed. This  is  evidenced  by  the  difficulty  of  dealing  with  even 
thin  layers  of  quicksand  underlying  other  and  firmer  strata. 

When  once  such  a  mass  moves  even  tor  very  short  distances,  the 
work  performed  can  only  be  balanced  by  some  resistance  or  obstruc- 
tion which  must  also  move,  if  onlv  for  an  infinitesimal  distance. 

If  the  wall  has  dimensions  and  weight  sufficient  to  withstand 
this  pressure,  some  portion  of  the  earth  mass  itself  must  move, 
which  will  probably  move  upwards  along  the  back  of  the  wall, 
and  flow  over  it.  This  no  doubt  often  occurs,  but  usually  the 
wall  itself  will  be  overturned  or  pushed  forward.  This  tendency 
may  often  be  resisted  by  connecting  the  two  walls  on  the  opposite 
side  of  an  excavation  by  strong  inverted  arches  under  the  road-bed. 

When  such  conditions  as  above  discussed  are  found  to  exist,  all 
attempts  at  holding  the  slopes  will  often  fail,  and  there  is  but  one 
of  two  things  to  do:  (1)  Allow  the  material  to  flow  in,  and  remove 
it  as  it  accumulates;  or  (2)  abandon  that  portion  of  the  work  alto- 
gether, and  seek  a  new  route  around  it.  The  latter  plan  will  often 
be  found  the  safest,  and  ultimately  the  most  economical. 
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683.  Many  cases  otteu  arise  where  there  is  no  special  difficulty 
in  conetructiug  ti  wall  of  reasonable  dimeusious  aud  of  suBicieiit 
stability  so  far  as  the  wall  itaelf  ia  concerned,  but  the  difficulty 
arises  in  securing  a  stable  foundation- bed.  If  constructed  on  piles, 
the  pressure  will  cause  these  to  lean  forward,  carrying  the  wall  with 
them,  or,  owing  to  the  small  coefficient  of  friction  between  the  wall 
aud  the  soft,  soapy  character  of  tbe  foundation-bed,  the  wall  will 
slide  bodily  forward.  These  tendencies  may  be  resihted  by  driving 
the  piles  with  an  inclination  against  tbe  pressure,  so  that  the  re- 
sultant shall  coincide  in  direction  with  the  axis  of  the  piles;  or 
the  piles  may  be  tied  back  to  the  material  behind  them  by  bolting 
long  sticks  of  timber  to  them,  which  reaching  well  to  the  rear,  and 
connected  by  crosapieces,  will  present  considerable  bearing  surface 
against  the  earth,  thereby  tying  the  piles  well  back  into  firm  eartL 
If  this  cannot  be  found  at  a  reasonable  distance,  piles  are  often 
driven  in  front  of  the  crosspieces.  These  ties  and  crosspieces  aiay 
be  connected  with  the  main  piles  direct,  or  to  tbe  crib  or  wall 
resting  on  and  bolted  to  the  piles.  This  is  a  common  coustructiou 
along  many  river  fronts,  where  long  lines  of  timber  bulkheads  or 
wharves  are  constructed.  These  constructions  will  be  further  con- 
sidered under  their  proper  beads. 

The  case  here  considered  is  that  of  a  retain ing-wall  so  sitDSted 
that  there  is  great  danger  of  sliding  from  its  proper  position. 

884.  In  Fig.  245  let  ABCDEFGH  be  a  retaining-wall,  or  a 
portion  of  one,  supporting  a  bank  of  eartb,having  a  horizontal  sur- 
face level  with  the  top  of  the  wall;  andlet  KLMN  be  a  thick  iron 
plate,  or  a  wall  of  solid  timbers,  imbedded  in  tbe  eartli  well  in  rear 
of  the  wall.  This  plate  may  either  extend  to  the  surface  of  the 
ground  OR  or  may  be  entire  within  the  mass,  its  upper  surface 
being  OK  =  RL  distance  below  the  surface  of  the  ground,  as 
shown  in  tbe  drawing.  The  plate  is  connected  by  a  long  iron  tie- 
biir  ab  to  which  is  made  to  pass  through  the  wall  at  a  distance  from 
the  bottom  equal  to  one  third  of  its  height,  as  this  is  the  point  at 
which  tbe  resultant  pressure  of  the  earth  is  supposed  to  act.  This 
rod  is  held  by  nuts  and  large  washers  against  the  wall  and  plate,  as 
indicated.  When  the  plate  extends  to  the  surface,  and  is  simply 
imbedded  in  the  earth,  the  pressures  on  its  two  faces  are  equal 
and  directly  opposed;  therefore  they  balance  each  other.  These 
are  the  least  pressures,  and  can  be  represented  by  the  weight  of  a 
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triangular  prism  ONTUMRy  and  its  equal  acting  on  the  other  face 
of  the  plate^  OT'NMWR.    This  pressure,  from  equation  (342),  is 


P  = 


wx^    1  —  sin  0 
2    *  1  -J-  sin  0* 


Pig.  245. 


If,  then,  the  wall  of  masonry  tends  to  slide  forward,  causing  a 
pull  on  the  rod  ab,  which  is  communicated  to  the  plate,  the  press- 
ure of  the  earth  can  be  increased  until 


P'  = 


w^  1  +  sin  0 
"2"  1  -  sin  0' 


represented  by  the  weight  of  the  triangular  prism  OQNMSR.  As 
the  first  pressure,  P,  is  in  the  direction  of  the  pull,  and  that  of  the 
greater,  P',  is  in  the  opposite  direction,  the  holding-power  of  the 
earth  is  represented  by  their  difference,  P'  —  P,  equivalent  to  the 
weight  of  the  prism  OQT'SU'R,  or 


P"  ^P^ 


)x*l\  +  sin  0  ^  1 
2~\1  -  sin  0      T 


—  sin 


in_0\ 
in  0/ 


+  sin  0 
tox'i(\  +  sin  0)*  —  (1  —  sin  0)' 


1  —  sin'  0 


)• 


(352) 
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As  it  would  require  a  very  tbick  plate  or  strong  frame  of  timber 
to  distribute  the  pull  over  its  entire  Burface,  if  it  extended  to  the 
surface  of  the  grouud,  it  is  usual  to  limit  the  size  of  the  plate,  and 
to  entirely  imbed  it  in  the  earth,  its  upper  edge  KL  being  at  a  dis- 
tance of  OK  =  RL  =  X,  below  the  surface.  The  holding-power 
of  the  earth  on  the  plate  OKLR  would  be  i*,  —  /*,,  or,  similarly 
to  equation  (352), 

p  -P  ~  ^^  /(I  +  Bin  0)'  -  (1  -  Bin  4>)*\ . 


and  the  holding-power  on  the  plate  KLMN  would  be  represented 
by  the  prism  of  trapezoidal  section  VQ2"b'SU'X'Y,  or,  in  symbols, 

(p--p)-(^.-p.)=g-q^)("+"r-i'^,'.'-"°"'-) 
='-^^'^- (=^') 

It  must  be  borne  in  mind  that  these  pressures  are  only  exerted 
over  a  unit  of  length  LK  of  the  plate,  and  to  obtain  the  total  press- 
ure the  above  values  must  f>e  multiplied  by  the  number  of  units 
in  LK 

To  find  the  depth  of  the  centre  of  pressure  of  the  plate  below 
ground,  proceed  as  follows,  taking  an  axis  of  moments  at  0  or  OR: 

The  pressure  on  the  plate,  or  rather  the  holding-power,  is 

_  w(x'  —  X*)  4  sin  0_ 
~  2  cos'  0 ' 

its  unknown  lever-arm  or  distance  from  the  centra  of  pressure 
b  to  the  surface  of  the  ground  is  x„.  Hence  its  moment  is 
w(x'  —  X ')  4  sin  0        _,  ^      ,   ^,  ^. 

— = — T — — — i— r3;„.    The   moment   of   the   pressure  npon    the 

2  COS     0  t  r 

plate,  if  it  extended  to  the   surface  of  the   grouud,  would   be 

—7- ;—r-i^i  and  of  the  portion  of  the  whole  plate  from  the 

2     cos'  0    ^   '  ^  ^ 

face  to  KL,  z,  distance  from  the  surface,  would  be  —^ ^--r  •  ^x,. 

Since,  when  the  plates  extend  to  the  surface,  the  centre  of  pressure 
is  two  thirds  of  the  depth  of  the  plate  from  the  surface,  and  since 
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the  moment  of  the  whole  is  equal  to  the  sum  of  the  moments  of 
its  parts,  we  have 

g     fgg'  4  sin  0  _       w{x*  --  a;/)  4  sin  0  ,   ^^    wx*  4  sin  0 


hence 


% 


...  "^     ~"  "^l        ,     "^  ■"  '^i      ___^     ^  •I'     ""  "^1  /QK/1\ 


3a;'  -a; 


1 


If  the  pull  is  sufficiently  great,  the  effect  would  be  to  cause  a 
mass  of  earth  represented  by  ONN'  in  section  to  slide  upward 
along  some  plane,  curved,  or  irregular  surface,  as  NN\ 

The  principles  of  the  above  discussion  are  often  applied  in  tying 
bulkheads  on  water-fronts;  in  holding  walls  or  piers  built  on  or 
near  sloping  banks;  and,  in  a  crude  way,  in  connecting  the  guys  or 
stiff  legs  of  derricks  to  what  is  commonly  called  '^a  dead  man,'' 
which  consists  of  a  log  of  wood  or  posts  imbedded  in  the  ground. 

It  is  also  a  clear  illustration  of  Mr.  Rankine's  theory  of  the  sta- 
bility of  a  granular  mass,  whether  as  applied  in  retaining-walls, 
land  ties,  or  in  the  supporting  power  of  earth  or  soft  soils  for  houses 
or  other  stnictures,  which  was  fully  discussed  under  the  head  of 
Foundations  on  Soft  Materials. 

685.  As  a  practical  application  of  the  foregoing,  assume  a  plate 
6  feet  high  and  5  feet  long,  imbedded  in  earth  to  support  or  hold  a 
wall  of  masonry  20  feet  high;  required  the  holding-power  of  such  a 
plate,  the  earth  weighing  100  pounds  per  cubic  foot,  and  the  depth 
of  the  centre  of  the  plate  such  that  the  distribution  of  the  pull  on 
the  rod  over  the  plate  shall  be  proportional  to  that  of  the  earth  re- 
sistance. 0=  36°;  sin  0  =  0.5736;  cos  0  =  0.819.  Substituting  in 
equation, 

jj^  w(^  -  X.')  4  sin  0  ^  100(^-  -  «'■•)  X  3  43  ^  26,754  Iba. 
2  cos*  0  2 

As  the  pressure  on  the  plate  is  uniformly  varying,  its  resultant 
woald  have  to  pass  through  the  centre  of  gravity  of  the  trapezoidal 
prism  in  order  that  the  pull  on  the  rod  and  the  resistance  may  be 
directly  opposed.  The  centre  of  gravity  of  the  trapezoid  Q  VKN 
can  be  found  graphically,  as  already  explained.  The  exact  calcula- 
tion is  tedious,  and  it  will  be  near  enough  if  we  make  a;  =  16  feet, 
or  the  bottom  of  the  plate  4  feet  above  the  level  of  the  base  of  the 
wall;  and  since  the  plate  is  6  feet  high,  ar.  =  10.  Substituting  in 
the  above  equation,  the  value  H  is  found  as  above,  26,754  pounds 
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per  foot  of  length;  or  over  a  plate  5  feet  long  tbe  total  holding- 
power  is  =  26,754  X  5  =  133,770  pounds.    The  depth  of  the  centre 


surface  of  the  ground,  which  ie  about  on  a  level  with  the  centre  of 
prcBBure  of  the  wall. 

To  carry  safely  this  pull  would  require  1  bar  about  4^  inches 
diameter,  or,  better,  3  bars  of  3  inches  diameter  each. 

The  writer  believee  that  the  foregoing  principles  and  formalK, 
as  applicable  to  determining  the  atability  of  retaining-walls,  are 
fully  as  reliable  as  any  of  the  other  theories,  and  that  an  intelli- 
gent use  of  the  formulfe  will  lead  to  safe  and  reliable  results.  All 
other  theories  have  been  discussed  and  enlarged  upon  in  nearly 
every  book  that  has  been  written  in  the  last  forty  years  upon  the 
subject  of  retaining-walls.  Those  ^veu  above  are  rational,  easily 
understood,  and  easily  applied.  It  has  not,  therefore,  been  deemed 
necessary  to  introduce  a  diacnssion  of  Coulomb's,  Moseley's,  or 
Weyrauch's  formula  in  this  work. 

ART.   XLIII. 

RESERVOIR  WALLS,   DAMS.   AND   WEIRS. 

586.  In  the  preceding  article  we  have  seen  that  the  general 
formulae  for  the  stability  of  re taiuing- walls  will  also  apply  to  walls 
for  supporting  the  pressure  of  water,  or  reservoir  walls,  by  making 
both  8  and  <p  =  zero.  We  make  ii  =  0  because  the  surface  of  still 
water  is  always  horizontal,  aud  0  =  0  since  it  is  assumed  that  there 
is  no  friction  between  the  molecules  of  water,  those  having  perfect 
freedom  of  motion  amongst  themselves;  the  natural  slope  of  water 
becomes  horizontal,  and  its  angle  of  repose  zero. 

In  the  discussion  of  retaining-walls  the  pressure  of  the  earth 
was  assumed  to  act  upon  an  ideal  vertical  plane  passing  through 
tbe  rear  edge  of  the  base;  and  any  material  between  this  plane  aiid 
the  back  of  the  wall,  whether  earth  or  water,  was  aegnmed  to  add 
weight  to  the  wall  if  the  back  sloped  away  from  tbe  pressure  or 
was  built  in  steps,  but  that  this  prism  of  earth  or  water  lessened 
the  weight  of  the  wall  if  the  back  inclined  towards  the  pressnre, 
that  is,  leaned  to  the  rear.  Under  these  assumptions  the  formnlse 
of  the  preceding  article  apply  alike  to  the  pressure  of  earth  and 
water. 
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It  is,  however,  preferable  in  many  cases  to  discuss  the  subject 
of  water-pressure  by  assuming  that  the  pressure  acts  directly  on  the 
surface  of  the  wall  whatever  may  be  its  inclination,  and  not  upon 
an  ideal  vertical  surface,  as  the  rear  surface  of  a  reservoir  wall  is 
seldom  vertical  or  inclined  towards  the  pressure,  but  almost  invari- 
ably inclines  away  from  the  pressure,  or,  in  other  words,  has  a 
batter  on  both  front  and  rear  surfaces. 

587.  It  was  shown  in  paragraph  549,  (1)  that  in  a  fluid  the 
pressure  is  normal  to  its  plane  of  action,  whatever  may  be  the  incli- 
nation of  that  plane ;  therefore  that  every  direction  was  a  principal 
axis  of  stress;  (2)  that  at  a  given  depth  or  at  a  given  point  the 
intensity  of  the  stress  or  pressure  was  equal  in  every  direction ;  and 
(3)  that  the  intensity  of  the  pressure  in  any  direction  is  equal  to 
the  weight  of  a  column  of  water  whose  base  is  unity  in  area  and 
whose  length  or  height  is  equal  to  the  depth  of  the  point  below  the 
surface,  i.e., px  =  py=p=p'  =  wx, px  and py  being  the  principal 
stresses,  and  p^  and  p  being  the  conjugate  stresses,  in  any  direction, 
of  the  preceding  principles  and  formulae  found  in  Article  XLII. 

588.  Applying  these  principles  to  any  wall  supporting  water,  as 
shown  in  Fig.  246,  we  can  readily  find  the  dimensions  of  the  wall 
to  sustain  the  pressure. 

Let  OYhe  the  water  surface  assumed  to  be  level  with  the  top 
of  the  wall.    It  is  usually  from  two  to  four  feet  below  the  level 


Pig.  246. 

of  the  top  of  the  wall.  This  assumption,  then,  is  on  the  side  of 
safety,  as  it  gives  a  greater  pressure  than  actually  exists.  ABOD, 
a  vertical  cross-section  of  the  wall,  which  has  a  length  of  unity; 
ODXy  the  prism  of  unity  in  length  whose  weight  is  equal  to  the 
pressure  of  the  water  against  the  back  of  the  wall  OD.  In  this 
case  DX  is  drawn  perpendicular  to  OD  at  D  to  represent  the 

direction  of  the  pressure  at  that  point,  and  its  length  x  -  =  x,  or 
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the  Terttcal  depth  of  the  point  D  below  the  top  of  the  wall,  since 
p'  =  p.  The  hne  from  OX  formH  the  third  side  of  the  priam,  since 
the  pressure  is  uniformly  varying.  The  resultant  pressure  F  passes 
through  G',  the  centre  of  gravity  of  the  triangle  ODX,  which  is  one 
third  of  the  median  Hue  OE  from  E;  and  the  centre  of  presBure  is 
consequently  at  H,  or  \0D  from  D,  the  direction  of  P  being  also 
normal  to  OD  and  parallel  to  DX.  Let  G  be  the  centre  of  gravity 
of  the  wall,  Ge  the  line  of  action  of  the  weight,  b  the  centre  of 
figure  of  the  base  supposed  to  be  horizontal,  a  the  centre  of  resist- 
ance. Forming  the  parallelogram  on  P  and  W,  R  will  be  the 
resultant  pressure.  The  lever-arm  of  PisaL  =  HD  —  DF=  iOD 
-  aD sin  a,OD  =  xaec a,  CD  =  x, aixd aD  =  bD  +  ab  =  it  +  qt  = 
(i  +  ?)^-     Substituting, 

aL  =  ixBoca  —  (i  +  q)taina..    .    ,    ,     (355) 
The  lever-arm  of 

W  =  ab  +  b6  =  gt  +  g't  =  (q  +  q')t.  .    .    .    (366) 
Hence  W(q  +  qy  =  P[ix  sec  a-{i  +  q)l  sin  a] ; 


Substituting, 

W(q  +  q')i  =  '^f^'a-'^(i  +  q)tttma,.     .     .     (357) 

W  being  the  entire  weight  of  the  wall,  w  the  weight  of  a  anit  vol- 
ume of  water,  usually  one  cubic  foot,  or  to  =62^  pounds.  Eq. 
(357)  expresses  the  condition  that  the  wall  shall  not  give  way  by 
overturning. 

That  the  wall  shall  not  give  way  by  sliding,  the  angle  RaN 
must  be  leas  than  the  angle  of  repose  of  masonry  on  masonry  or  of 
masonry  on  earth.  This  condition  is  expressed  by  eq.  (350)  by 
making  0=  a  and  J  =  0. 

«.iV^=.rcUn-^5^<^.    .    .    .     (3S8) 

When  the  back  of  the  wall  is  vertical,  a  =  0,  sec  a  =  1,  and  tan 
a  =  0,  cos  a  =  1,  Bin  a  =  0. 
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Eq.  (357)  becomes 


wx^      w^ 


Tr(j  +  ?')*  =  -^  =  -^Xi«.      ....    (359) 


Eq.  (358)  becomes 


p 
iZfl JV^  =  arc  tan  ^  <  0^.     .    •   ..    .    (360) 


The  factor  -^  =  P,  eq.  (359),  is  the  same  as  P  in  eq.  (351)  by 

making  ^  =  0  =  0.    This,  taken  with  the  value  ot  P  =i  -r-  sec  a, 

leads  to  the  rale  for  finding  directly  the  pressure  of  water  on  auy 
plane  surface  immersed  in  it,  as  follows : 

The  pressure  of  a  fluid  upon  any  plane  surface  immersed  is 
equal  to  the  area  of  the  surface  multiplied  by  the  depth  to  which 
its  centre  of  gravity  is  immersed  below  the  surface,  aiid  this 
product  by  the  weight  of  a  unit  of  volume  of  the  fluid. 

It  will  not  be  necessary  to  apply  the  above  equations,  as  this 
has  been  done  in  paragraph  574. 

Putting  equation  (357)  under  the  following  form: 

^iSl  +  ?')^  +  x(*  +  9)i  tan  a  =  ^  sec'  a.    .     (361) 

wx^ 
The  term  -^{i  +  9)t  tan  a  is  unintelligible  as  it  stands.    By 

referring  to  Pig.  246  we  find  00  =  CD  tan  a  =  z  tan  a.     Hence 

2/*  WX* 

area  OGD  =  -^  tan  a,  the  weight  of  this  prism  of  water  =  -^ 

tan  a,  and  then  the  factor  {i  +  9')^>  which  is  equal  to  aD,  is  not  the 
lever-arm  of  this  weight.  The  product,  therefore,  means  nothing. 
But  since  the  centre  of  gravity  of  the  triangle  OCD  is  found  at  G^ 
on  the  median  line  DE',  then  KD  =  iOC=  ix  tan  a.  If,  then. 
we  subtract  from  the  above  equation 

wx*    .    .     ,  wx* .     , 

-zr-  .  fx  tan  a  =  -— -  tan*  or, 

^  0 
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we  have 

m9  +  9y  +  ^  tan  «[(*  +  j)i  -  ia;  tan  a] 


Analyzing  this  equation,  in  the  term 

-^  tan  a[(^  -\- q)t  —  ^  tan  «], 


OD,  which  is  the  vertical  component  of  the  total  presaure  P,  and 
(h  +  ?)'  ~  i^  tan  a  ie  the  dietance  aK.  The  product  is  the  moment 
of  the  weight  of  the  prism  OCD,  which  adds  to  the  moment  of  the 

weiglit  of  the  masonry;  and  the  second  member,  — x-  =  -5-  X  ^r, 

is  the  product  of  the  horizontal  component .  —  of  the  total  press- 
ure P,  by  ^x,  its  lever-arm.  1  Thia  ia  ae  it  should  be,  since  evidently 
the  horizontal  component  of  P  alone  tends  to  overturn  the  wall 
or  cause  it  to  elide  on  any  joint,  and  its  vertical  component  adds 
stability  to  the  wall.  Equations  (361)  and  (36:i),  of  course,  give 
the  same  values  for  t.  Equation  (363)  is  the  form  in  which  the 
relations  are  more  commonly  found  in  books. 

589.  There  is  little,  if  any,  danger  from  sliding  under  the  press- 
ure, except  when  built  on  soft,  soapy  soils.  These  conditions  and 
the  remedy  for  them  were  fully  discussed  in  the  preceding  article 
on  Retaining- walls.  It  is  only  necessary,  then,  to  see  that  the  con- 
ditions of  resistance  to  overturning  are  fulfilled  as  expressed  in 
equations  (361)  or  (363). 

Large  W  in  all  of  the  preceding  formulte  represents  the  actual 
weight  of  the  wall,  whatever  may  be  its  form  of  cross-section. 
Theoretically,  the  cross-section  wonid  be  a  triangle;  but  some 
thickness  is  always  given  at  the  top  of  the  wall,  which  will  varj' 
from  two  to  twenty  feet,  according  to  the  material  of  the  wall  and 
the  purposes  for  which  it  is  built,  or  from  practical  considerations 
of  convenience  and  use. 

590.  As  has  been  shown,  a  wall  under  pressure  from  earth  or 
water,  or  any  force  whatever,  may  fail  (1)  by  overturning  around 
the  a.xis  at  A,  or  at  any  point  within  the  wall  (if  built  of  compressi- 
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ble  materials),  such  as  a,  vhich  is  called  the  centre  of  resistance; 
{•i)  by  eliding  on  any  joint  AD  or  any  other  joint  parallel  to  it; 
and  (3)  by  crushing  the  material  at  the  base  AD,  Conditions  (1) 
and  (2)  have  been  discussed  and  provided  for  in  the  preceding  par- 
agraph, and  it  only  remains  to  consider  condition  (3). 

Stability  against  Crushing. — TJuder  ordinary  circumstances, 
with  low  walls  and  relatively  small  lateral  pressures,  no  danger  will 
arise  from  the  pressure,  as  the  resistance  of  the  material  will  far 
exceed  the  crushing  pressure.  In  very  high  walla,  however,  this 
pressure  may  be  very  great,  and  must  be  provided  for  either  by  the 
proper  selection  of  the  material  of  which  the  wall  ie  constructed, 
or  the  area  of  the  base  musf  be  sufficiently  large,  that  the  intensity 
of  the  pressure  may  be  kept  within  limits  of  the  strength  of  the 
material  used. 

As  the  principle  involved  is  the  same  for  both  low  and  high 
walls,  it  will  be  discussed  in  this  place. 

With  vertical-faced  rectangular  walla  the  pressure  on  the  base 
arising  from  the  weight  of  the  wall  is  uniformly  distributed  over 
the  base.  The  total  pressure  ie  the  weight  of  the  wall;  the  unit  of 
preesnre,  or  the  intensity,  is  equal  to  the  weight  divided  by  the  area 
of  the  base;  and  since  a  wall  of  unity  in  length  is  usually  consid- 
ered, the  weight  of  the  wall  is  ir=  wxt,  the  area  of  base  is  =  ^ 

W 
and  hence  the  intensity  of  the  pressure  is  =  -r-  =  wx,  in  which 

W  ^  total  weight,  w  =  weight  of  a  cubic  foot,  x  =  height  in  feet, 
and  t  =  thickness.  This  condition  is  repreaented  in  Fig.  34~(fl). 
If  the  preasiire  is  composed  of  a  uniformly  varying  pressure  and  a 
uniformly  distributed  pressure,  it  can  be  represented  by  Fig.  24'i'(i). 
In  this  case  it  is  evident  that  the  total  pressure  is  IT  +  H'' 
=  wxl  -J-  ^otx',  in  which  x  is  the  least  height  of  the  structure  and' 
3r+  z'  its  greatest  height,  t  being  the  thickness.  The  mean  inten- 
sity of  this  pressure  is  wx  -\ — ~;  the  least  intensity  at  the  point 

B  is  wx,  and  the  greatest  \&  wx  -\-  wx',  at  the  point  A.  If  the 
pressnre  is  uniformly  varying,  it  can  be  represented  by  a  triangle. 
Fig.  34'/(c),  in  which  the  total  pressure  W=  \wxt,  its  mean  inten- 
sity is  ^x,  ite  least  0  at  B,  and  its  greatest  wx  at  A. 

In  either  case  the  ordinate  at  any  point  represents  the  intensity 
at  that  point. 

In  Fig.  247(a)  the  dotted  lines  ahow  a  wall  with  inclined  faces. 
Where  this  batter  is  not  very  great,  it  is  usual  to  assume  that  the 
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total  weight  Wis  nDiforml;  distributed  orer  the  base  AB.  This 
probably  is  oot  trne  when  the  slopes  are  very  flat,  a  greater  inten- 
sity of  presHure  being  on  the  central  portion.  The  point  of  actual 
greatest  intendty,  or  the  intensity  itself,  ctuinot  be  determined. 

591.  In  all  of  these  cases  the  varying  intensity  of  the  pressure 
on  the  bases  AB  arises  from  the  form  given  to  the  cross-section  of 
the  wall.  The  same  conditions  may,  however,  arise,  whatever  may 
be  the  form  of  the  crose-aection,  if  the  wall  is  acted  npon  by  a  lat- 
eral pressure,  as  the  tendency  of  this  pressure  is  to  overtnm  the 
wall,  and  in  so  doing  is  to  lift  the  wall  from  its  base  on  the  side 


Fia.  247. 


adjacent  to  the  pressure,  and  to  transfer  the  greater  portion  of  the 
weight  to  the  opposite  side  of  the  base.  The  extent  of  this  trans- 
ference will  depend  upon  the  direction  of  the  lateral  pressure  and 
the  relative  magnitudes  of  the  pressure  and  the  weight  of  the  wall 
In  determining  this  effect  of  the  lateral  pressure  it  Is  only  neces- 
sary to  take  the  case  in  which  the  base  of  the  wall  is  rectangular  in 
form. 

In  Fig.  347(d)  let  p  =  wx  +  wo/  =  greatest  and  p'  =  kx  tlie 
least  pressure,  however  it  may  be  caused:  then  the  area  of  the 
trapezoid  ABCE  will  represent  the  total  weight  or  pressure  of  the 
tvall  AB, 


=t±iu 


(363) 


and  as  a  is  the  centre  of  pressure,  and  the  moment  of  the  pressure 
to  the  right  of  a  must  be  equal  to  that  to  the  left  of  n,  then  the 
centre  of  gravity  of  the  trapezoid  ABCE  must  be  found  on  the  ver- 
tical line  Oa.  The  distance  Aa  of  the  centre  of  gravity  of  a  trape- 
zoid from  the  larger  of  the  parallel  sides  is 


'Hp  +  p')' 


Aa. 


(364) 
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Finding  the  valuea  otp  aadp'  from  equatione  (363)  and  (364), 
we  find  the  least  intensity  preesnre 

and  for  the  greatest  intensity 

,=tf-5S  =  ^^. (3e5) 

So  loog  aa  the  pressure  can  be  represented  by  a  trapezoid  ex- 
tending entirely  over  the  base  AB,  every  portion  of  this  base  will 
be  under  some  preeeure. 

When  the  smaller  pressure  ji'  =  BC  =  0,  the  trapezoid  becomes 
a  triangle  ABH,  Fig.  247(c),  and  the  distance  Aa  from  A  to  the 
vertical  line  Oa  through  the  centre  of  gravity  =  y  =  Ji.  This 
value  eubstituted  in^'  gives  for  the  least  intensity 


and  for  the  greater  intensity  pressure 
,„     2TF 


or,  since  the  mean  intensity  of  the  pressure  is  —,  it  follows  that  if 

the  greatest  intensity  ia  more  than  twice  the  mean,  there  will  be  a 

tension  at  one  edge  of  the  base,  namely,  B.    The  weight  and  the 

area  of  the  base  of  the  wall  must  therefore  be  so  proportioned  that 

under  the  greatest  lateral  pressure  P  the  intensity  of  the  pressure 

at  the  outer  toe  A  of  the  wall  shall  not  be  greater  than  twice  the 

ZW 
mean  intensity  =  — . 

If  in  equation  (365)  we  make  Aa  =  y=  Ah —  ha  =  ^t— qt,  the 
equation  (365)  becomes 

,.=^+«-f« (367) 

Henoe 


670  STABILITY    OF   EAUTHEN    DAUS, 

which  is  the  condition  that  there  shall  be  no  tension  at  any  point 
of  the  base.  The  meaning  of  equation  (367)  is  that  the  resultant 
pressure  mast  not  intersect  the  baae  farther  from  the  centre  of 
figure  than  one  sixth  of  the  thickness  /;  in  other  words,  the  centre 
of  resistance  must  be  found  in  the  middle  third  of  the  thickness. 
When  this  condition  is  fulfilled  there  is  little  danger  of  the 
material  crushing. 

Equations  (357),  (362),  (358)  and  (367)  express  the  conditions  for 
permanence  and  stability  which  should  be  fulfilled  in  the  design 
and  construction  of  all  important  walls  or  dams.  The  naual  prac- 
tice in  retaining- walls  is  to  allow  a  greater  value  for  q  than  one  sixth, 
as  high  as  three  tenths  to  three  eighths  being  sometimes  used. 

MATERIALS  AND  CONSTRUCTION  OF  RESERVOIR  WALLS  AND  DAMS 
FOR  STORAGE  OF  WATER  FOR  DOMESTIC  USES,  IREIOATION,  OB 
POWER. 

592.  Reservoir  Walls  or  Dams  are  constructed  of  earth,  timber, 
masonry,  or  concrete,  or  of  a  combination  of  these  materials. 

693.  Earthen  Dams. — For  the  ordinary  reservoirs  which  are 
intended  to  store  water  for  use  in  cities,  the  enclosing  walls  have 
been  commonly  built  of  earth,  either  alone  or  in  combination  with 
masonry  or  concrete.  As  there  is  much  difference  of  opinion  and 
practice  in  regard  to  the  best  materials  or  combination  of  materials 
that  should  be  used,  a  few  illustrations  and  examples  will  give  a 
better  idea  of  the  practice,  and  more  useful  information,  than  any 
attempt  at  a  theoretical  or  scientific  discussion  of  the  subject. 

It  may,  however,  be  stated  that  any  discussion  of  the  stability 
of  earthen  dams,  or  any  application  of  the  preceding  formulae  for 
stability,  is  of  little  value:  (1)  for  earthen  dams  rarely,  if  ever,  give 
way  by  overturning  bodily,  or  by  sliding  as  a  whole;  (2)  long,  rela- 
tively flat  slopes  are  of  necessity  given  to  the  embankments;  (3) 
the  dimensions  and  weights  are  ample  always  to  fulfil  the  preceding 
conditions  of  stability.  The  essential  considerations  are:  (1)  that 
as  the  storage  of  water  is  the  object  sought,  the  dams  should  be  made 
of  water-tight  materials  and  construction;  (2)  the  greatest  danger 
to  earthen  dams  arises  either  from  the  water  flowing  over  the  top  of 
the  dam  or  percolating  through  the  banks  or  under  them. 

1st.  The  first  danger  can  always  be  provided  against  by  raising 
the  dam  high  enough  above  the  surface  of  the  water  in  the  reser- 
voir, if  this  surface  can  always  be  regulated,  as  is  the  case  where 
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the  water  is  pumped  iato  the  reservoir.  The  height  above  the 
surface  is  sufficient  when  waves  formed  bj  tlie  force  of  high  winda 
do  not  or  catiaot  break  over  the  top  of  the  dam.  From  3  to  6  feet 
will  UBually  be  ample  for  tbiB  purpose. 

2d.  If  these  dams  are  built  across  running  streams,  proper  waate 
weirs  should  be  constructed  on  the  crest  of  the  dam  having  suffi- 
cient length  and  depth  to  carrj  the  greatest  discharge  of  water 
when  the  enclosed  water  has  reached  the  intended  height,  and 
proper  provisions  should  be  made  to  carry  this  flood  discharge  clear 
from  the  outer  slope  of  the  dam.  It  is  riskj,  whatever  may  be  the 
precautions  taken,  to  carry  the  overflow  water  down  the  slope  of  an 
embankment.  It  is  far  better  and  more  satisfactory  to  cut  chan- 
nels or  canals  entirely  clear  of  the  dam,  carrying  them  around  the 
ends. 

3d.  The  greatest  source  of  danger  to  earthen  embankments  has 
its  origin  in  the  percolation  of  water  through  the  material  or  fol- 
lowing along  the  pipes  and  conduits  through  or  under  the  embank- 
ment. Even  a  very  small  and  insignificant  seepage  of  water  may 
ultimately  result  in  the  total  destruction  of  the  embankment. 

At  first  this  seepage  may  only  extend  through  a  portion  of  the 
«mbankment,  and,  spreading  up  and  down  and  sideways,  may  con- 
vert a  considerable  portion  of  the  material  into  a  soft  mud  or  paste, 
the  pressure  of  which  tends  to  open  crevices,  destroys  the  conditions 
of  equilibrium  by  necessitating  flatter  slopes,  and  the  consequent 
settling  and  spreading  result  in  a  disintegration  and  destruction  of 
the  embankment,  and  the  outflowing  water  causes  death  and  de- 
struction along  its  pathway. 

694,  Foundal ion-beds. — In  order  to  prevent  water  from  finding 
an  outlet  under  the  embankment  it  is  essential  that  all  loose,  disin- 
tegrated, and  porous  materials  should  be  removed  from  the  entire 
area  upon  which  the  embankment  is  to  rest,  until  a  firm,  compact 
soil  is  reached,  unless  the  depth  is  very  great,  in  which  case  the 
upper  loose  and  porous  strata  should  be  removed  to  a  depth  of  four  or 
five  feet,  or  to  a  reasonably  good  material.  Then  along  or  near  the 
centre  line  or  axis  of  the  dam  a  broad  trench  should  be  cut  to 
a  reasonable  depth,  or  till  some  more  or  less  compact  stratum  is 
found,  this  trench  narrowing  aa  it  deepens;  from  the  bottom  of  this 
a  narrower  trench  should  be  carried  down  to  and  into  a  perfectly 
reliable  material,  whatever  may  be  the  depth  required,  finishing  at 
the  bottom  with  a  width  of  not  less  than  4  to  6  feet.  This  trench 
should  then  be  filled  with  good  strong  concrete  or  the  best  clay- 
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puddle.  The  former  seems  to  be  the  better  practice.  Tht  npper 
and  broader  trench  is  often  filled  with  puddle. 

In  the  Western  States,  particularly  in  California,  many  very  high 
earthen  dame  have  been  constructed. 

Experience  aeems  to  indicate  that  it  is  not  advisable  to  build 
earthen  dams  on  a  rock  foundation-bed  owing  to  the  difficulty  in 
Bucuring  a  water-tight  joint  between  the  two,  and  that  the  best  ma- 
terials on  which  to  build  are  a  sandy  or  gravelly  clay,  fine  sand,  or 
loam.  Such  structures  should  never  be  built  on  shale  or  slate  or 
solid  rock.  If  a  proper  bed  cannot  be  found  after  cleaning  off  the 
soil  to  a  depth  penetrated  by  the  roots  of  grasses,  bushes,  and  trees. 
then  a  trench  should  be  dug  as  above  described  until  a  proper  bed 
is  reached,  or  at  least  to  a  great  depth,  and  this  filled  with  paddle 
or  concrete;  this  should  extend  up  into  the  embankment  above  for 
several  feet.  When  building  on  a  firm  material  close  to  the  sur- 
face the  bed  should  be  well  scored  with  longitudinal  trenches,  so 
as  to  give  a  good  bond  between  the  bank  and  its  bed. 

The  above-described  preparation  of  the  foundation  seems  to  be 
universal, 

596.  Material  for  an  Earthen  Embankment.—AXthoa^  the 
banks  are  built  of  many  kinds  of  earth,  it  seems  to  be  universally 
recognized  that  the  best  material  is  a  mixture  of  gravel,  sand,  and 
clay,  in  about  the  following  proportions: 

Coarse  gravel 1.00  cubic  yard. 

Fine        "      -.35     " 

Sand 15     " 

Clay 20     " 

1.70     « 

When  mixed  loosely  and  spread  in  thin  layers  this  will  make 
about  1.3  cubic  yards,  and  when  compacted  in  the  embankment 
will  make  about  1.25  cubic  yards, 

The  proportions  are  based  upon  the  voids  existing  in  the  origi- 
nal cubic  yard  of  gravel  and  those  remaining  after  each  of  the  pre- 
ceding coarser  grades  has  been  added  and  miied,  only  clay  enough 
being  used  to  give  cohesiveness  to  the  mass  after  the  addition  of 
the  sand  and  to  fill  the  voids  then  existing. 

Gravel  alone  has  been  used  in  dams  having  a  depth  of  50  feet 
which  have  retained  water  without  serious  leaks.  The  best  practice 
is  to  mix  finer  material  and  clay  with  it.    day  has  also  been  used  in 
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many  places  in  the  West.  When  naed  alone,  however,  it  is  likely 
to  become  more  or  less  saturated  with  water,  and  in  warm,  dry  cli- 
mates it  ie  liable  to  dry  and  crack.  Sand  and  gravel  lack  cohesive- 
nesB,  bnt  bave  great  stability;  while  clay  baa  coheaivenesB,  but  is 
wanting  in  permanence  and  stability.  The  combination  given 
above  possesses  the  qnalities  of  weight,  stability,  cohesiveness,  and 
impervionsness,  having  an  angle  of  repose  between  that  of  tine  sand 
and  shingle,  a  miitnre  of  sand  and  clay. 

&96.  If  such  a  combination  of  materials  can  be  obtained  in  suf- 
ficient quantities  and  at  a  reasonable  cost,  the  entire  embankment 
should  be  made  of  it.  But  this  is  seldom  the  case.  Inferior  ma- 
terials are  necessarily  nsed,  in  which  case  it  is  the  practice  to  use 
a  middle  wall  or  core  of  the  best  material,  filling  ou  either  side  with 
the  inferior;  or  the  water  slope  of  the  embankment  should  be  faced 
with  a  thick  layer  of  puddle,  composed  of  the  best  materials  mixed 
in  the  proper  proportions.  These  two  constructions  are  typical  of 
1(11  dams  made  entirely  of  earthy  materials. 

For  the  puddle  core  is  often  substituted  a  masonry  or  concrete 
wall.  Each  of  these  has  its  advocates.  On  the  one  hand  it  is 
claimed  that  a  masonry,  concrete,  or  even  a  puddle  core,  having 
an  inferior  material  forming  the  up-etream  half,  is  an  element  of 
weakness,  as  the  water,  percolating  through  the  earth,  is  checked 
by  the  impervious  core,  and  collected  and  retained  in  the  earth, 
thereby  transferring  the  entire  pressure  to  the  core,  whereas  it 
should  be  resisted  by  the  up-stream  face  of  the  dam ;  and  they  claim 
that  it  is  better  to  let  this  seepage- water  continue  through  and  find 
egress  on  the  outer  or  down-stream  elope.  Consequently,  if  there 
is  not  sufficient  material  available  to  make  a  homogeneous  puddle 
embankment  throughout,  that  it  is  better  to  build  the  up-stroani 
third  or  half  of  good  material,  backing  this  up  with  the  inferior 
materi.ll,  which  should  be  well  bonded  into  the  other  portion  of  tho 
embankment.  By  this  construction  the  pressure  is  resisted  on  the 
np-Btream  slope,  the  leakage  is  reduced  to  a  minimum  or  prevented 
entirely,  and  such  water  ae  may  seep  through  finds  a  ready  and  easy 
means  of  escape. 

On  the  contrary,  the  advocates  of  the  puddle  or  masonry  cores 
argue  that  for  the  same  expenditure  of  money  more  puddle  can  he 
put  in  the  form  of  a  central  wall  or  core  than  can  be  done  on  the 
water  slope;  that  it  is  not  exposed  to  the  danger  of  slipping  when 
the  water  is  suddenly  drawn  ofl ;  that  tlie  water  does  not  escape  from 
the  puddle  quick  enough  to  drain  tho  bank,  and  consequently  a 
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^liead  of  pressure  exists  which  causes  the  slope  to  cave;  that  the 
puddle  in  the  core  is  not  exposed  to  the  iujurious  effects  of  frost,  nor 
to  drying  out  and  cracking;  that  masonry  or  concrete  core  walls  are 
not  elements  of  weakness;  that  accidents  and  breaks  are  not  due  to 
their  presence,  but  rather  to  defects  in  design  or  construction,  such 
as  having  too  little  thickness;  that  although  when  embankments 
are  properly  carried  up  there  will  be  little  or  no  subsequent  settle- 
ment, but  to  provide  for  such  settlement  the  wall  should  have  suffi- 
cient stability  to  resist  the  differences  in  the  earth  pressure  on  its 
two  faces;  that  the  thickness  at  any  point  should  be  from  one  sixth 
to  one  fifth  of  the  vertical  depth  at  that  point  from  the  top;  that 
the  advantage  of  a  puddle  wall  consists  in  its  producing  almost  a 
homogeneous  embankment  throughout;  that  such  cores,  whether 
of  puddle  or  masonry,  should  be  founded  on  and  bonded  to  an  im- 
pervious bed,  or  extended  downward  to  a  considerable  and  safe 
depth;  and,  finally,  that  such  walls  well  executed  are  entirely  con- 
sistent with  and  justified  by  good  practice. 

The  statement  above,  that  solid  impervious  cores  are  objection- 
able, as  stopping  the  percolation  of  water,  is  entirely  consistent 
with  the  opinion  expressed  by  the  writer,  when  discussing  the  sta- 
bility of  surcharged  retaining- walls  (see  paragraphs  580,  581,  and 
582),  to  the  effect  that  when  water  once  gets  into  a  mass  of  earth, 
it  is  far  better  to  provide  ample  and  ready  means  of  escape,  rather 
than  obstructing  or  attempting  to  hold  it. 

Having  decided  upon  the  material  or  materials  to  be  used,  and 
upon  the  position  of  the  puddle,  whether  on  the  water  slope  or  in 
the  centre  as  a  core  wall,  the  next  step  is  the  determination  of  the 
proper  form  and  dimensions  of  the  cross-section. 

697.  The  width  at  top  varies  from  G  to  25  or  more  feet.  The 
water  slope  should  rarely  be  less  than  2  horizontal  to  1  vertical, 
especially  on  its  upper  portion;  the  lower  part  of  the  slope  may  be 
1^  to  1.  Benches  are  sometimes  made  on  this  slope.  The  outer 
slope  may  be,  and  usually  is,  from  2  or  1^  to  1.  The  best  English 
practice  seems  to  be  to^ake  the  water  slope  3  to  1,  and  the  outer 
slope  2  to  1,  with  the  puddle  wall  in  the  centre. 

With  the  top  width,  height,  and  side  slopes  given,  the  width  at 
base  is  easily  calculated.  Assuming  top  width  =  20  feet,  height  = 
50  feet,  water  slope  2  to  1;  outer  slope  IJ  to  1,  the  width  at  base 
will  be  20  -f  2  X  50  +  14  X  50  =  195  feet.  Figs.  248  and  249  give 
cross-sections  of  earthen  dams,  showing  character  of  underlying 
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is  paved  with  stone.  This  embankment  is  composed  of  4  or  5 
different  materials^  each  of  different  weight  per  unit  of  volume, 
and  likely  to  settle  unequally.  It  is  regarded  as  a  good  example  of 
an  earthen  dam. 

Fig.  249  represents  a  cross-section  of  an  actual  dam  used,  with 
the  underlying  strata  and  cut<off  wall.  As  actually  constructed 
the  puddle  core  was  5  feet  thick  at  top,  54  feet  above  the  base,  and 
the  side  slopes  1  to  1,  as  shown  by  the  full  lines,  giving  a  base  of 
113.0  feet.  This  core  was  covered  on  the  sides  and  top  by  an  ordinary 
earth,  the  outer  slope  of  which  was  sodded,  and  had  a  uniform 
slope  of  li  to  1.  The  inner  or  water  slope  was  2  to  1  for  a  verti- 
cal reach  of  about  24  feet  below  high- water  surface,  on  which  was 
placed  a  layer  of  broken  stone  one  foot  thick,  and  then  paved  with 
granite  blocks  10  to  14  inches  thick,  and  of  varying  lengths  and 
widths.  At  the  foot  of  this  slope  was  a  bench  or  berm  of  5  to  6  feet 
in  width,  paved  with  a  double  layer  of  flat  stones.  The  lower 
portion  of  this  slope  was  1^  to  1,  and  paved  with  cobblestones 
well  rammed. 

The  puddle  core  was  made  of  coarse  and  fine  gravel,  sand,  and 
clay  in  about  the  following  propoVtions:  8  loads  of  mixed  gravel 
(7  loads  of  coarse  and  3  loads  of  fine  gravel,  when  mixed,  made 
about  8  loads  in  bulk),  1  load  of  sand,  and  2  loads  of  clay.  These 
materials  were  mixed  by  spreading  the  gravel  in  a  thin  layer,  tlien 
the  clay  evenly  upon  this,  after  mashing  the  lumps,  and  on  top  of 
the  clay  the  sand.  The  mixing  was  done  by  dragging  a  harrow 
over  the  mass  until  thoroughly  mixed.  This  mixing  was  done 
on  the  bank.  The  layer  was  then  moistened  and  rolled  with  a 
2-ton  roller.  "  Such  a  core  packs  down  as  solid,  resists  penetni- 
tion  or  abrasion  of  water  nearly  as  well,  and  is  nearly  as  difficult 
to  cut  through  as  ordinary  concrete,  while  rats  and  eels  are 
unable  to  enter  and  tunnel  it.'^  (See  Fanning's  "  Water-sup])ly 
Engineering.")  A  core  of  the  above  dimensions  would  stand  the 
water-pressure  itself;  but  it  was  considered  necessary  to  protect 
the  surface  above  water-line  with  a  frost-covering  of  earth:  this 
necessitated  the  ordinary  earth  filling  on  its  two  sides  and  to]\ 
The  small  puddle  wall  enclosed  by  dotted  lines  (Fig.  249)  shows 
about  the  least  dimensions  consistent  with  good  practice,  and 
could  be  adopted  where  good  material  is  scarce  and  expensive, 
the  batter  on  the  sides  being  1  in  8,  giving  18'  6"  base  when  54 
feet  high.  Such  a  puddle  wall,  while  stopping  leakage,  conld  not 
sustain  much  pressure. 
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Crystal  Springs  Dam. — The  puddle  treach  of  this  dam  was 
cut  through  33  old  creek  beds,  full  of  gravel  aud  water,  without 
reaching  rock.    The  height  of  the  embaukmeDt  was  only  50  feet. 

Usually  a  trench  was  cut  to  rock  along  centre  line  of  dam. 
For  small  dams  this  trench  was  30  feet  wide,  and  for  large  dams 
50  feet  wide.  The  site  of  the  dams  were  cleared  of  roots,  stumps, 
loose  rock,  loose  material  and  loam,  aud  extended  to  solid  ledge 
or  to  a  good  foundation  stratum.  Th^se  materials,  as  a  rule, 
should  not  be  used  in  the  dams.  The  slopes  on  the  sides  of  the 
valley  were  cut  iuto  steps  to  provide  foothold. 

Fuddle  of  the  best  stiff  blue  clay  was  put  on  carefully  in 
layers  of  3  inches  in  thickness,  wetted  slightly,  spaded  up  and 
rammed  down  to  a  homogeneous  mass,  so  that  the  contact  between 
the  clay  and  bed-rock  was  complete.  The  trench  was  entirely 
filled  with  this  material.  Longitudinal  grooves  were  also  cut  into 
the  rock  in  order  to  make  a  tongue- and -groove  bond.  Sometimes 
concrete  is  nsod  to  fill  these  grooves.  This  puddle  wall  was 
brought  up  above  the  natural  bed  of  the  valley. 

On  the  water  side  of  this  wall  selected  material  was  need  for 
tlie  embankment.  If  good  clay  was  haqdy  the  entire  dam  was 
made  of  it. 

Then  all  of  the  loose  material  aud  gravel  in  the  bed  of  the 
creek  waa  removed  in  order  to  prevent  any  water  sweeping 
underneath  and  reaching  the  puddle  pit.  Layers  of  about  8  inches 
in  thickness  were  then  placed,  commencing  at  the  slopes,  up  and 
down  stream,  and  sloping  on  a  5-per-cent  grade  towards  the 
puddle  trench.     The  surface  of    each  layer  was  moistened    or 
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watered  before  placing  the  next  layer  above,  and  the  new  layer  also- 
moistened.  Each  layer  was  then  rolled  with  a  6000-poiind  roller, 
which  reduced  the  tliickness  to  5  or  G  inches,  the  inner  toes  of 
the  layer  coming  nearer  and  nearer  to  the  puddle  wall.  ^Vhen 
within  10  or  15  feet  of  it  selected  clay  was  provided,  and  used  iu 
layers  rarely  exceeding  3  inchea  in  thickness.  This  selected 
material  was  spread  over  and  across  the  puddle  trench.  Successive 
layers  were  then  put  ou,  each  layer  was  spaded  up  and  rammed 
and  beaten  down,  so  as  to  form  a  homogeneous  muss  with  the 
underlying  layer.  The  wet  slope  was  protected  by  a  heavy  layer 
of  broken  stone  2i  feet  in  thickness. 

The  waste-way  was  built  around  tlie  end  of  the  dam,  the 
capacity  of  which  was  three  times  the  masimum  flow.  The  common 
types  of  head-gates  are  used.  Earthen  dams  should  be  built  of 
the  full  heiglit  intended,  and  not  left  to  be  spliced  oi>  top  and 
slopes  at  some  subsequent  time. 

The  plan  of  the  San  Mateo  dam,  170  feet  high,  was  changed 
from  an  earthen  to  a  massive  concrete  dam,  as  the  site  was  found 
to  be  underlaid  with  solid  rock  at  reasonable  depths. 

5B7J.  In  Figs.  250  and  251  are  given,  respectively,  the  crosa-sec- 
tion  of  a  reservoir  embankment  and  the  plan  of  a  reservoir,  which 


are  especially  interesting  on  account  of  its  recent  and  disastrous 
failure.  Fig.  251  shows  the  plan  of  the  reservoir  and  the  position 
of  the  break  in  the  embankment  at  A  \  while  Fig.  350  is  designed 
to  show  a  cross-section  of  the  embankment  at  or  near  the  line  of 
the  washout,  in  which  is  shown  the  arrangement  of  the  different 
materials  forming  the  embankment,  the  kinds  of  material  used, 
and  the  position  of  the  overflow-pipe  and  also  the  underditiin-pipe. 
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All  of  the  materials  need  seem  to  be  esceptionally  good,  and  well 
Euited  to  the  purpose. 

It  is  claimed  that  the  construction  was  carefully  executed.  The 
failure  of  the  wall  cannot  be  definitely  explained  or  accounted  for, 
but  has  given  rise  to  much  discuBsion  and  criticism. 

Briefly  deBcribcd,  the  excavation  was  made  to  a  depth  of  30  feet 
on  one  side  and  6  feet  on  the  other,  in  a  stiff,  gravelly  clay  or  hard- 
pau.  The  embankment  walls  were  constructed  on  hard  pan  at  the 
bottom  of  this  excavation.     It  was  considered  a  good  foundation- 


bed.  The  top  width  of  the  embankment  was  12  feet,  its  height 
45  feet,  its  base  I4~  feet.  Although  the  entire  bank  was  made  of 
good  material,  it  will  be  necessary  to  class  tlie  dam  as  among  those 
having  a  puddle  facing  and  no  well-dohned  central  core  wall,  as 
the  water  slope  was  faced  with  a  good  layer  of  puddle  6  feet  thick. 
The  different  materials,  and  where  placed,  of  the  filling  are  fully 
shown  on  the  drawing.  In  addition,  ou  the  puddle  facing  a  layer 
of  broken  stone  6  inches  thick  was  placed,  and  on  this  a  paving  of 
granite  blocks  8  inches  thick.  The  drain-pipe  passing  under  tho 
bank  was  encased  at  its  inner  end  in  a  large  concrete  moss,  as  shown 
at  B,  Fig.  250;  also,  the  end  of  the  overflow-pipe  was  encased  in  ii 
mass  of  concrete,  as  shown  at  C,  at  the  level  of  the  high-water 
surface.  This  pipe  was  simply  puddle  around  where  it  pasacd 
through  the  embankment.  The  lower  drain-pipe  had  cut-off  walls 
of  concrete  at  each  joint,  as  shown,  to  prevent  or  limit  the  seepage- 
water  along  the  line  of  the  pipe.  The  reservoir  had  been  con- 
etrncted  and  in  use  for  a  considerable  period.     No  evidence  of  any 
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weaknesa,  defects,  or  leaks  had  been  discorered  until,  almost 
without  notice,  a  large  breach  was  made  at  or  near  one  corner,  as 
indicated  at  A,  in  Fig.  251.  The  immense  volume  of  water,  pour- 
ing out  suddenly,  washed  away  a  considerable  portion  of  the  bank, 
destroyed  property  iu  the  neighborhood,  and  in  addition  caused  the 
drowning  of  several  persons. 

The  precaution  was  taken  to  spread  a  layer  of  good  clay  over 
the  entire  bottom  of  the  reservoir  in  order  to  prevent  any  leakage 
under  the  bank  or  along  the  drain-pipe.  It  will  be  noted  that  the 
slopes,  both  inner  and  outer,  are  only  1^  to  1.  This  is  steep,  even 
for  the  onter  one,  but  is  unusually  so  for  the  inner  or  water  slope. 

598.  The  failure  was  attributed  by  some  engineers  to  the 
steepness  of  the  slope,  both  directly  and  indirectly:  (1)  as  not  giv- 
ing  sufficient  stability  to  tlie  dam  acting  as  a  wall  under  pressure, 
and  (3)  .as  being  too  steep  to  hold  the  puddle  facing  and  jiaving, 
especially  if  any  percolation  of  water  through  the  puddle  facing 
should  occur,  softening  the  earth  filling  underneath,  and  decrfasing 
the  frietionnl  resistance  between  the  two.  Others  claimed  lh«t 
leakage  along  llie  line  of  the  overflow-pipe  not  only  contributed 
to,  but  caused,  the  failure  and  giving  way  of  the  embankment. 
Unless  this  seepage-water  followed  the  overflow-pipe  for  its  entire 
length,  it  would  collect  in  the  earth-moss  and  undoubtably  tend  to 
bring  about  the  other  above-mentioned  causes  of  failure.  The  claim 
that  the  puddle  lining  did  not  slip  at  other  portions  of  the  dam 
would  not  prove  that  it  did  not  do  so  where  the  breach  occnrre<l, 
,  especially  as  adjacent  to  the  overflow-pipe  the  unfavorable  condi- 
tions would  be  more  likely  to  exist,  as  the  accumulation  nnd  reten- 
tion of  the  water  would  be  local,  and  confined  near  the  pipe.  This 
and  other  similar  experiences  seem  to  indicate  that— 

(1)  It  is  usually,  if  not  always,  impossible  to  keep  water  abso- 
lutely from  finding  its  way  into  an  earth  mass. 

(2)  That  where  there  is  no  scarcity  ot  water,  and  more  or  leas 
waste  is  not  a  matter  of  great  moment,  it  is  better  to  make  a  stable 
and  open  backing,  in  order  to  allow  for  the  free  escape  of  the 
seepage -water. 

(3)  That  when  it  is  important  to  limit  the  leakage,  the  em- 
bankment should  he  made  not  only  homogeneous,  but  of  the  best 
puddling  material  throughout, — practically  a  puddle  embank- 
ment,— in  order  that  the  resistance  to  percolation  may  be  as  nearly 
uniform  entirely  through  the  mass  as  practicable,  and  small  in 
amount. 
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(4)  That  the  elopes  shoult 
change  in  its  coiiditioD  of  sti 
in  limited  qanntittes,  m&y  n( 
actually  existing,  say  from  2 
or  2  to  1.  on  the  outer  slope. 

(5)  That  the  selection  bi 
concrete  cores,  as  well  as  a  { 
ieiice  and  economy,  vitb  pro 
puddle  core. 

(6)  That  the  puddle  ehoul 
ering,  above  the  low-water  si 
prevent  the  disintegrating  ef 
This  portion  of  the  slope  shot 
or  brick,  in  order  to  prevent 
on  the  slope.  The  lower  porl 
cobble  or  rough  stone  rammec 
concrete  laid  over  with  a  thin 
of  concrete  may  be  10  or  IS 
bonded  into  the  slope  with  ril 

(7)  All  earth  dams,  whetl 
throughout,  or  of  combinatio: 
walls,  should  be  built  in  thi 
thicker  near  the  edges  than 
layers  are  in  some  cases  as  mii 
best  construction  reqnires  thi 
from  3  to  5  inches  thick.  'J 
moistened  by  spriakling,  an< 
ribbed  roller.  A  smooth-sut 
into  each  other,  leaving  sm' 
the  bank. 

(S)  A  good  precaution  is  i 
«rvoir  with  a  layer  of  puddle, 
or  gravel.  The  puddle  layer 
facing  puddle,  and  sometimet 
die  core,  when  this  latter  is  U 

(9)  When  a  masonry  core 
embankment  can  be  filled  wil 
the  base  of  the  embankment, 
With  a  concrete  core  the  cut- 
in  these  cases  the  thickness  c 
one  sixth  of  the  height  of  tbi 
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iiess  of  a  puddle  core  should  be  from   one  half  to  one  third  its 
height. 

(10)  When  pipes  are  to  be  carried  through  the  em  bank  m  cuts  it 
is  best  to  place  them  mainlj  in  the  natural  bed  under  the  embank- 
ment, with  only  their  upper  surfaces  in  contact  with  the  earlli. 
As  little  puddle  as  practicable  shotild  be  used  under  them,  and  this 
should  be  of  a  uniform  thickness,  in  order  to  avoid  unequal  aettlittp 
and  springing  of  the  pipes.  Cut-oS  walls  should  .be  used  around  an'l 
between  these,  and  over  the  pipes  good  puddle  should  be  placed 
and  compacted.  Often  the  pipes  rest  on  or  pass  through  cut-off 
walls  of  concrete  or  brick.  After  being  laid  and  tested  the  whole 
is  filled  in  with  concrete  or  masonry,  and  sometimes  simply  well 
filled  with  puddle.  AVherever  masonry  is  used  around  and  for  the 
support  of  pipes,  the  £xpoeed  surfaces  should  be  as  rough  as  prac- 
ticable, that  tliey  may  bond  better  with  the  puddle  placed  and 
compacted  around.  These  pipes  either  open  direct  into  the 
reservoir,  or  into  masonry  gate- chambers.  Better  still,  the  pipes- 
can  be  laid  in  a  trench,  entirely  below  the  base  of  the  dam,  in  rock 
or  firm  soil.  This  trench  should  be  lined  and  roofed  with  concrete. 
If  practicable,  all  pipes,  waste-weirs,  and  channels  for  discharging 
flood-waters  or  draining  reservoirs  should  be  carried  around  and 
entirely  clear  of  the  dam. 

LOOSE-ROCK    DAMS   AND   LOOSE-ROCK   AND    EARTH    DAMS. 

699.  Loose-rock  Ditms. — Of  late  years  broken-stone  dams  have 
been  used  to  a  considerable  extent  in  the  Western  States,  for 
reasons  already  stated.  These  dams  are  simply  constructed  by 
piling  rocks  into  a  mass,  using  some  degree  of  care  in  order  to  give 
a  slope  to  the  mass  at  which  they  will  safely  stand,  first  placing  th<* 
largest  stone  in  a  layer  or  course  without  reference  to  any  even  tol^ 
surface,  and  filling  the  interstices  with  smaller  stones;  ujion  this 
another  course  is  laid  in  the  same  manner,  the  stones  on  the  outer 
edges  being  laid  to  the  required  slope.  Such  dams  are  called  hy- 
draulic-mining dams.  Wlien  the  interstices  are  well  and  closely 
filled,  although  there  may  be  much  leakage,  they  will,  notwith- 
standing, back  the  water  up  behind  them  until  the  leakage  becomes 
equal  to  the  flow  of  the  stream.  This,  of  course,  limits  the  height 
of  the  dam.  The  courses,  as  in  earth  dams,  should  be  kept  a  little 
lower  towards  the  centre  of  the  mass  than  at  the  edges. 

Such  dams  can  be  constructed  in  running  water  by  simply  de- 
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positing  the  stone  in  the  water,  as 
until  the  mass  reaches  ahoYe  the  w 
make  the  thickness  of  the  under 
interstices  can  be  fairly  well  fille 
large  gravel  over  each  course  as  fo 
not  be  less  than  ^  to  1,  and  the  lovi 

Where  desired  to  further  limit  I 
can  be  laid  over  the  water  slope. 
be  built  into  the  rubble  mass  at 
horizontal  planes,  their  ends  projet 
more.  Stringers  or  caps  are  boltec 
pieces  in  a  vertical  plane  at  right  i 
are  about  4  feet  apart  horizontally; 
of  3-inch  plank  was  spiked  to  th 
placed  between  the  layers  of  plank, 
of  plank  was  calked,  and  the  whok 
paint.  The  Walnut  Grove  Dam  w 
mainly  on  solid  rock  forming  the  be 
of  the  wall  is  said  to  have  rested  or 
from  5  to  12  feet  deep,  ^'his  no  di 
destruntion  in  a  great  flood.  Othe 
the  careless  manner  in  which  the  1 
well-built  slope  walls,  were  laid, 
ample  waste-way.  As  this  dam  g 
given :  Length  at  top  430  feet,  wid 
138  feet,  and  110  feet  in  height, 
than  §  to  I,  on  the  average.  The 
1  to  li,  and  water  slope  1  to  2^.  ' 
1  to  1  near  the  bottom.  A  cnlve 
about  14  feet  from  the  bottom.  A 
top  of  the  dam  to  the  inner  end  o 
8  X  8  X  90  feet. 

600.  Loose-rock  and  Earth  1 
was  constructed  of  loose  rock  faced 
was  given  to  pravent  leakage. 

The  site  of  the  dam  is  at  a  pc 
across  the  channel  of  the  Boise  Ri 
basalt  ledge  12  feet  in  height  bordt 
dam,  on  which  a  waste-way  is  constr 
The  waste- way  is  to  be  escavated  in 
below  the  crest  of  the  dam.     It  ha 
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charges  back  into  the  river  100  feet  below  the  dam.  Near  the  dis- 
charge end  a  waste-weir,  built  of  nibble  maeonry,  is  placed  entirely 
across  the  waste-way.  The  top  of  this  weir  is  at  the  proper  depth 
below  the  crest  of  the  dam.  It  has  a  height  of  8  feet  and  a  bottom 
width  of  19  feet;  the  upper  slope  is  1  to  6,  and  its  lower  slope  has  an 
'Ogee-shaped  curve.     Fig.  353  shows  the  plan  of  the  dam,  waste-way, 


canal,  and  headworks,  and  the  position  of  these  with  respect  to  the 
course  of  the  river  and  the  site  of  the  dam.     Fig.  253  shows  a  ver- 
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tical  croBs-Bection  of  the  broken-stone  dam  with  its  earth  facing- 
The  len^h  on  the  crest  is  320  feet;  masimum  heisbt,  43  feet;  top 
width,  10  feet,  of  which  on  the  inner  slope  3  feet  is  earth  facing — 
this  facing  being  20  feet  thick  at  the  base.  The  lower  slope  of 
tlie  rock  work  and  the  slope  of  the  earth  facing  are  1^  to  1 ;  the 
inner  rock  slope  is  about  I  to  1.  The  construction  is  clearly  shown 
on  the  drawing. 

601.  Loose-rock  dams  should  be  founded  either  on  solid  rock, 
hard-pan,  or  very  stiff  clay.     Materials  that  will  scour  out  cause 
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unequal  and  great  settlement  and  diBarrangement  o 
When  carefully  conetructed  on  a  good  foundation-1)ed 
hare  gieat  stability  and  permanence,  provided  water  is 
to  flow  over  their  tops.  The  fall  and  shocks  from  the  1 
will  press  the  stones  out  of  position,  and  endanger,  if 
the  dam. 

It  is  claimed  that  they  cost  lees  than  masonry  or  ea 
This  will  clearly  depend  upon  the  cost  of  materials  and 
tion.  If  this  is  not  great,  masonry  will  be  cheaper  on 
the  rednced  number  of  cubic  yards  required  when  ceni 
In  the  dam  described  the  number  of  cnbic  yards  of  e 
great,  owing  to  the  flat  slopes  required. 

Sometimes  the  up-stream  face  is  bnilt  of  good  cou 
with  a  very  steep  slope;  and  the  lower  slope,  though  fli 
well  built,  forming  two  strong  walls,  between  which  o 
rubble  is  placed.  All  these  dams  should  be  on  excepti 
and  solid  foundation -beds. 

MASONRY    DAHS. 

602,  Masonry  Dams  and  Weirs. — The  distinction  1 
terms  dams  and  weirs  is  rather  one  of  nse  than  of  ci 
though  the  form  of  croas-Bection  and  character  of  the  st: 
different  in  many  of  their  details. 

A  dam  proper  is  defined  as  a  masonry  wall  which 
simply  to  impound  and  hold  water,  the  water  not  being 
flow  over  its  top. 

A  weir  is  defined  as  a  masonry  wall  over  whose  top 
allowed  to  flow  freely.     Dams  and  weirs  will  be  diacuseed 

603.  Masonry  dams  are  regarded  aa  rigid  stnicture 
unequal  settlement  in  any  portion  of  them  tends  to  pro( 
If  a  masonry  dam  is  built  on  clay  or  even  hard-pan,  th 
risks  to  be  nm:  (1)  unequal  settlement;  ('J)  leakage  t 
dam  and  its  bed.  Either  of  these  may  cause  settling,  ar 
the  safety  of  the  structure.  With  proper  precautioi 
low  masonry  dams  can  be  built  on  theae  materials;  but  ii 
another  danger  arises  from  the  great  unit  pressure  on 
tion-bed,  which  may  reach  aa  high  as  10  to  15  tons 
foot,  or  from  155  to  233  pounds  per  square  inch — m 
pressures  than  are  safe  on  any  kind  of  earthy  materi 
may  therefore  be  said  that  all  masonry  dams  should  be 
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solid  rock.  If  this  is  not  practicable,  or  il  the  expense  attending 
it  is  prohibitive,  excavations  can  be  made  to  a  safe  depth,  and 
sufficient  spread  of  base  provided  with  good  rubble  or  concrete, 
or  piles  can  bo  driven  into  the  gravel  or  earth  beds.  In  India  the 
cylinder  or  well  foundations  are  used  in  unstable  material,  and 
occasionally  open  cribs  or  caissons  have  been  sunk  for  the  founda- 
tions. Both  piles  and  the  cylinders  should  be  well  protected  from 
scour  by  placing  sheeting  around  them,  or  should  be  surroiiuded 
with  concrete  and  the  cylinders  also  filled  with  concrete.  Such 
methods  of  obtaining  good  foundations  are,  however,  more  applica- 
ble to  low  dams  or  weirs  than  to  very  high  masonry  dams,  which 
should  always  rest  on  rock  direct  or  on  cribs  and  caissons  sunk  to 
rock.  No  cost  or  labor  should  stand  in  the  way  of  securing  the 
absolute  safety  of  the  foundation,  and  consequently  that  of  the  dam 
itaolt 

604.  Masonry  dams  and  weirs  may  be  constructed  of  ashlar  or 
rubble  or  wholly  or  In  part  of  concrete. 

Ashlar  Maso7iry  Dams. — While  ashlar  masonry  is  capable  of 
bearing  heavier  loads,  it  is  not  well  suited  for  the  construction  of 
dams,  since  continuous  horizontal  joints  should  be  avoided,  and 
the  great  core  required  in  cutting  and  selecting  such  stones^  as 
well  as  laying  the  same  so  as  to  break  joints  both  vertically  and 
horizontally,  requires  so  much  labor,  time,  and  cost,  that  we  rarely 
find  dams  constructed  of  ashlar  masonry.     This,  if  used  at  all,  is 

.  only  employed  as  a  facing,  the  interior  being  purposely  built  of 
uncoursed  rubble  masonry  or  of  concrete. 

BOB.  Uncoursed  Rubble.— Ruhiile  masonry  has  been  used  almost 
exclusively  in  the  construction  of  both  masoni^  dams  and  vreire. 
While  it  has  snfBcient  resistance  to  crushing,  it  is  admirably  suited 
to  the  breaking  of  joints  in  all  directions  without  the  expenditure 
of  any  special  labor  for  this  purpose.  It,  however,  requires  a  great 
deal  of  mortar  and  special  care  in  filling  perfectly  all  interstices, 
which  is  absolutely  necessary  to  be  done.  It  will  cost  much  less 
than  ashlar  masonry.  It  is  advantageous  to  have  a  great  variety 
in  the  shapes  and  dimensions  of  the  stones  that  they  may  interlock 
or  bond  in  every  direction. 

Many  large  dams  are,  however,  built  of  rather  small  stones — 

-  such  that  one  or  two  men  can  handle;  the  only  advantage  in  this 
class  of  construction  is  to  avoid  the  expense  of  derricks,  engines, 
and  other  kinds  of  machinery;  or  they  may  be  built  of  large  stones, 
one,  two,  or  more  cubic  yards  in  volume,  and  weighing  many  tons. 
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These  require  etroDg  and  expensive  machinery  to  handle  them. 
The  Bmaller  interstices  between  the  stones  may  be  filled  with  rub- 
ble or  concrete. 

In  either  class  of  masonry  all  facing  stones  should  be  set  with 
the  best  Portland  cement  mortar;  the  tilling  or  hearting  between 
them  can  be  liiid  in  ordinary  cement  mortar.  Tlie  mortar  for 
the  facing  should  be  composed  of  1  cement  to  3  of  sand,  but  for 
the  rubble  or  concrete  tilling  1  cement,  3  sand  may  be  used. 
Works  of  this  kind  should  not  be  grouted  under  any  circnmstancee. 

606.  Concrete  Dams, — The  same  distrnst  of  concrete  that  has 
limited  its  use  for  other  engineering  purposes  has  also  resulted  in 
but  a  limited  use  in  the  construction  oF  dams,  the  more  so  on 
account  of  tlie  general  belief  that  it  is  impracticable  to  make  it 
impervious.  But  with  the  more  uniform  product  now  obtained,  a 
better  acquaintance  with  its  valuable  properties,  and  the  improved 
methods  of  thoroughly  incorporating  its  ingredients,  there  would 
seem  to  be  no  valid  objection  to  its  use  on  the  score  of  suitablenees 
for  the  purpose,  and  the  controlling  fuutor  in  its  selection  should  be 
that  of  economy.  It  is  doubtless  a  less  difficult  matter  to  construct 
a  solid  mass  free,  certainly,  from  any  large  or  continuous  open 
channels  or  interstices  than  it  is  with  rubblework.  The  greatest 
care  and  the  closest  inspection  is  required  to  secure  good  rubble- 
work when  built  in  large  masses.  Mechanics  and  laborers  will  not 
take  the  pains  necessary;  each  gang  or  shift  of  men  try  to  make 
the  beat  record  for  a  day  in  prder  to  please  their  employer,  even  at 
the  risk  of  slurring  over  the  work.  The  same  causes,  however, 
operate  in  the  nse  of  concrete,  but  not  to  the  same  extent,  as  mix- 
ing by  machinery  is  more  lively  to  produce  a  uniform  product;  and 
the  same  may  be  said  of  hand  mixing.  The  main  source  of  a 
defective  product  in  making  concrete  is  the  use  of  inferior  mate- 
rials. The  broken  atone  should  be  thoroughly  washed  to  remove 
dust  and  dirt;  the  sand  should  be  clean  and  sharp;  the  water  should 
also  be  clean  {dirty  water  will  not  make  good  concrete:  but  little 
attention  is  given  to  this  matter).  Too  much  water  should  not  be 
nsed,  as  it  will  always  result  in  a  porous  mass;  if  too  wet,  the  con- 
crete cannot  be  properly  consolidated.  A  layer  of  concrete  should 
never  be  deposited  on  another  layer  whose  surface  has  a  skim  of 
partially  set  cement,  which  leaves  the  surface  smooth.  Snch  a  skim 
always  exists  where  the  mixing  and  ramming  have  been  properly 
done.  In  such  case  the  snrface  should  be  roughened  before  placing 
the  new  layer.    It  ia  not  necessary  that  any  layer  sliould  be  exactly 
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of  the  same  thickuesB  throughout;  a  few  breaks,  resembliog  lov 
steps,  will  prevent  any  continuous  eeams  through  the  mass. 

607.  One  or  two  illustrations  of  masonry  and  concrete  dams  are 
given  below.     It  should  be  noted  that  a  croBs-sectiou  of  a  dam  is 


designed  simply  to  be  stable  under  the  pressure  of  the  water 
against  its  inner  slope,  whatever  may  be  the  depth  of  the  sustained 
water;  whereas  a  weir  baa  not  only  to  be  stable  under  this  water- 
pressure,  but  its  outer  elope  has  to  be  formed  io  such  a  manner 
that  the  fall  of  the  overflowing  water  shall  neither  destroy  the  dam 
by  the  shocks  and  vibrations  produced  by  it,  nor  undermine  it  by 
the  action  of  the  same  forces.  The  entire  length  of  the  structure 
may  be  designed  as  a  dam  proper  or  as  a  weir,  or  partly  dam  and 
partly  weir.  The  construction  and  design  must  be  regulated 
accordingly. 

In  Fig.  854  is  shown  a  cross-section  of  a  part  weir  and  part 
dam  constructed  across  the  Colorado  River  at  Austin,  Texas. 
The  section  shown  is  that  of  the  weir  portion.  The  structure 
was  only  recently  completed  at  a  cost  of  ^300,000.  It  was  sup- 
posed to  have  been  founded  on  solid  rock,  but  owing  to  the  ex- 
istence of  some  undiscovered  underlying  seams  of  earthy  materijit, 
a  portion  of  the  dam,  or  more  accurately  the  walls  of  the  heud- 
gates,  was  undermined,  resultiug  in  its  destruction.  This  neceti-i- 
tated  the  construction  of  a  coSer-dam  around  this  portion  of  the 
wall,  and  the  further  excavation  of  the  underlying  bed,  in  order  to 
get  below  the  seams  of  loose  material.  This  work  is  now  being 
prosecuted;  the  additional  cost  will  amount  to  150,000,  or  more. 
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As  seen  in  the  drawing,  the  weir  ia  conetnicted  with  a  facing  of 
cut  blocks  of  coursed  granite.  Its  interior  filling  is  of  rnbble  ma- 
sonry. Its  length  ia  1375  feet  along  the  crest-line;  of  this  1125 
feet  is  designed  as  a  weir,  and  150  feet  as  a  dam.  Its  maximum 
height  ia  66  feet.  Its  upper  face  ia  vertical.  The  lower  face  has 
an  eaaj  ogee-shaped  curve,  calculated  to  pass  the  overflow  water 
with  sncb  ease  as  will  reduce  the  erosive  action  at  ita  base  to  a 
mini  mum.  The  maximum  flood  to  be  paased  is  estimated  at 
350,000  cii  bic  feet  per  second  from  a  drainage  area  of  50,000  sqnare 
milea.  The  cross-aection  ia  heavier  than  required  by  theory,  if  the 
structure  be  regarded  simply  aa  a  dam.  The  lower  curve  is  ex- 
tended to  deliver  the  flood-water  away  from  the  toe  of  the  dam  and 
itgainst  the  back-water  below.  TJie  top  width  is  5.0'.  The  total 
top  width  is  16.0',  and  maximum  width  at  bottom  68.0'. 

There  has  been  considerable  and  acrimonious  discussion  in  re- 
gard to  the  design  and  construction  of  this  dam  or  weir.  It  is 
given  as  a  good  type  of  this  kind  of  construction  and  as  one  of  the 
very  latest.  Its  purpose  is  both  for  water-supply  and  water-power 
to  the  city.     See  Supplement  for  additional  facts. 

808.  In  Fig.  255  is  shown  a  cross-aection  (n)  of  a  concrete  dam 
and  (b)  of  a  weir.  The  elevation  of  the  water  surface  is  shown  at 
157  feetabove  the  bottom;  the  total  height  of  the  dam  is  173  feet. 
Being  built  across  a  valley,  the  height  decreases  aa  the  sides  of  the 
valley  rise.  The  weir  portion  being  on  the  higher  ground,  its 
maximum  height  ia  40  feet  above  its  bed.  Its  top  is  shown  as  od 
a  level  with  the  water  surface  of  the  reservoir.  The  vertical  scales 
of  the  two  sections  are  not  the  same.  The  dam  and  weir  are  both 
founded  on  rock,  into  which  longitudinal  trenches  were  cut  aud 
filled  with  concrete,  thereby  bonding  the  dam  into  the  rock,  so  as 
to  prevent  leakage  between  the  two. 

This  structure  was  built  throughout  of  concrete.  Its  length 
along  ite  crest  ia  1230  feet.  A  parapet  5  feet  high  is  built  on  the 
top.  The  top  width  is  12  feet  and  bottom  width  138  feet  9  inches. 
At  either  end  are  wasteways  cut  through  the  solid  rock,  their 
.iggregate  length  being  920  feet. 

The  maximum  capacity  of  the  reservoir  is  300,000  acre-feet; 
ita  available  capacity  157,000  acre-feet,  the  acre-foot  being  equiva- 
lent to  43,560  cubic  feet. 

The  inner  face  of  the  dam  ia  almoat  vertical,  having  only  a  very 
slight  batter.  The  outer  or  lower  slope  has  the  form  shown  in  the 
drawing.     This  is  one  of  the  many  theoretical  sections  adopted  in 
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the  construction  of  very  high  dams.  The  almost  universal  practice 
is  to  make  the  inner  face  nearly  vertical,  or,  at  any  rate,  with  a 
very  slight  inclination.  This  may  be  straight  or  curved,  concave 
up-stream.  Sometimes  a  more  decided  batter  is  adopted  near  the 
bottom  of  the  wall.  The  outer  or  lower  slope  has  several  different 
curves,  depending  on  the  fornmlje  used,  which  are  often  modified 
in  a  somewhat  arbitrary  manner  to  suit  supposed  special  condi- 
tions. All,  however,  approximate  to  a  continuous  curve  from  bot- 
tom to  top,  concave  down-stream,  the  curve  being  quite  steep  near 
the  top  and  flattening  as  it  approaches  the  outer  toe  of  the  dam. 

Theoretically,  the  thickness  at  the  top  may  be  zero;  lienct;  the 
CTOBs-Aiction  of  the  dam  is  approximately  that  of  u  light-fingled 
triangle:  but  in  fact  the  top  width  is  always  many  feet.  Conse- 
quently the  upper  section  of  almost  all  dams  is  rectangular  for  a 
certain  distance  below  the  top,  and  then  it  commences  to  spread 
out. 

609.  At  all  points  the  three  conditions  given  in  paragraphs 
565,  566,  567  must  be  fulfilled,  namely:  (1)  That  the  wall  shall 
not  give  way  by  the  sliding  of  oue  portion  on  aiiollier.  TLia  con- 
dition is  satisfied  when  equation  (350)  is  satisfied;  or  for  horizon- 
tal joints,  equation  (SbS).  {2)  That  the  wnl!  shall  not  give  way  by 
crushing  of  the  materials  with  which  it  is  constructed.  That 
this  condition  he  fulfilled  it  is  necessary  that  the  value  of  p  in  eqs. 
(365)  and  (36G)  shall  not  exceed  the  safe  crushing  resistance  of  the 
material.  The  safe  resistance  to  crushing  for  the  various  materials 
is  taken  aa  follows,  per  square  inch:  Granite,  155  pounds;  lime- 
stone, 150  pounds;  sandstone,  130  pounds;  brick,  120  pounds.  Or 
per  square  foot,  respectively,  22,H20,  21,600,  18,720,  17,280  pounds. 
(See  Wilson, "Irrigation  Engineering.") 

These  are  limiting  pressures  within  one  foot  of  the  edge  of  the 
masonry.  In  the  heart  of  the  wall  it  should  not  exceed  200  pounds 
per  square  inch,  or  28,800  per  square  foot.  It  is  evident,  from  an 
inspection  of  Figs.  254  and  255,  that  when  the  reservoir  is  empty 
the  resultant  pressure,  which  is  simply  the  weight  of  the  wall, 
passes  nearer  the  inner  edge  B  than  the  outer  edge  A.  But  when 
the  reservoir  is  full  the  resultant  pressure  is -the  resultant  of  the 
weight  of  the  wall  and  the  pressure  of  the  water,  which  will  pass 
nearer  the  outer  edge  A  than  the  inner  edge  B.  The  condition  of 
safety  against  crushing  must  then  he  fulfilled  both  when  the  reser- 
voir is  empty  and  when  it  is  full.  Up  to  a  height  of  200  feet  it 
may  be  safely  stated  that,  with  any  well-designed  dam  constructed 
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of  masonry,  there  is  little  danger  of  the  dam  giviug  way  by  craah- 
ing;  and  although  it  is  well  to  apply  the  formula,  that  the  actual 
preesure  on  the  baae  may  be  known,  it  is  not  necesaary. 

The  resistance  to  mushing  of  concrete  is  taken  anywhere  be- 
tween 60  and  150  pounds  per  square  inch,  or  8640  to  31,600  pounds 
per  square  foot. 

As  already  stated,  there  is  no  danger  of  a  dam  giving  way  by 
sliding  if  it  is  safe  against  overturning.  The  form  of  cross-section 
is  therefore  determined  mainly  with  reference  to  its  stability 
ugainst  overturning.  This  condition  requires  that  the  moment  of 
the  pressure  tending  to  overturn  the  wall  shall  be  less  than  the 
moment  of  the  weight  which  resists  this  overturning.  Therefore 
for  all  depths  the  equations  (349)  and  (357)  or  (362)  must  be  satis- 
fied at  any  and  all  horizontal  sections  of  the  walL 

Since  theoretically  the  thickness  at  the  top  should  be  zero, 
while  practically  it  is  many  feet,  it  is  not  necessary  to  apply  the 
formula  until  a  depth  is  reached  requiring  a  greater  base  than  the 
top  width.  Then  as  the  depth  increases  the  resultant  pressure 
will  be  more  and  more  inclined,  requiring  an  increased  and  increas- 
ing width  of  base  in  order  that  the  centre  of  pressure  shall  not  be 
outside  of  the  outer  edge,  which  is  the  position,  theoretically,  of 
the  axis  of  rotation;  but,  as  often  stated,  this  asis  should  be  taken 
at  from  one  eighth  to  one  third  of  the  thickness  of  the  wall  from 
the  outer  edge.  The  absolute  thickness  of  the  wall  will  then  de- 
pend npon  this  distance  of  the  axis  from  the  outer  edge.  Many 
theories  and  formulae  have  been  worked  out,  based  upon  certain 
conditions  and  assumptions,  and  while  no  two  agree,  the  general 
cross -section  8  obtained  are  somewhat  similar. 

The  authors  of  the  formulae  are  Krantz,  Ranklne,  Wegmaun, 
Molesworth,  Delvere,  and  others.  For  full  discussion  of  these  sub- 
jects the  reader  is  referred  to  the  works  of  these  authors. 

It  is  necessary  to  increase  the  heights  of  the  dams  from  1  to  10 
feet  to  prevent  the  waves  from  dashing  over  them.  The  top  width 
varies  from  5  to  15  feet. 

610.  Weirs  Classijied, — Weirs  are  classified,  according  to  their 
conatmction,  as  follows:  (1)  With  clear  overfall  to  the  bed  of  the 
stream;  (2)  with  clear  overfall  to  a  water-cushion ;  (3)  with  clear 
overfall  to  aprons  constructed  to  resist  and  break  the  fall;  (4)  with 
rollerway  in  lower  faces;  (5)  with  heavy  profile  and  ogee-shaped 
•corve. 

(1)  With  clear  overfall  the  danger  and  objections  arise  from 
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erosive  and  Bcouring  actioD,  which  will  undermine  and  destroy  the 
dam  if  tbe  material  upon  which  the  weir  is  constructed  is  of  iin 
earthy  or  gravelly  character;  aud  even  solid  rocii  will  in  time  be 
greatly  affected,  though  it  may  not  result  in  any  serious  damage 
to  tbe  weir. 

(rl)  AVith  water -cusliion  the  erosive  action  is  greatly  limited  by 
the  overflow  falling  into  a  water-baein. 

What  should  be  the  relation  between  the  volume  and  lieigbt  of 
overflow  and  the  depth  of  the  water-cushion  to  prevent  scouring 
out  of  loose  material,  is  probably  not  known.  Often  special  con- 
structions are  made  to  form  these  pools  or  cushions  below  weirs. 
They  can  he  made  entirely  effective  for  the  purpose. 

(:i)  With  aprons  the  overflow  water  is  made  to  fall  on  a  strong 
platform,  usually  of  timber,  which  may  rest  on  the  natural  bed  of 
tlie  river,  or  upon  beds  constructed  of  broken  stone  or  piles.  These 
receive  the  force  of  the  fall,  and  they  are  made  long  enough,  either 
with  a  gentle  slope  or  horizontally,  so  as  to  greatly  retard  the  ve- 
locity of  the  water,  and  at  the  same  time  lead  it  well  away  from  the 
weir.  They  are  sometimes  inclined  or  curved  upwards,  which  etill 
further  retards  or  breaks  the  velocity. 

(4)  With  rollerways  the  weirs  are  constructed  with  long,  flat 
slopes,  or  aeries  of  steps,  by  which  meaus  the  velocity  of  the  water 
is  retarded  and  at  the  same  time  the  water  is  conducted  away  from 
the  weir.  These  require  the  use  of  large  (juantities  of  material, 
and  consequently  great  expenditure  of  money.  Masonry  aprons  or 
rollerways  are  often  used. 

The  ogee  curve  may  be  considered  as  a  modification  of  roller- 
way  construction.  It  reduces  the  material  required  to  a  minimum, 
and  produces  about  the  same  effect  as  the  rollerway.  The  object 
of  the  ogee-curved  face  is  to  cause  the  water  to  slide  rather  than 
fall  over  and  clear  of  the  weir.  So  long  as  the  water  slides,  it  pre- 
serves a  bluish  color,  and  when  it  commences  to  fall  it  becomes 
whitish  or  milky.     The  following  is  the  construction  of  the  ogee 

curve:  In  Fig.  359  make  GB  =  —^  and  AE  =  ^-^  ;  then  bi- 
sect AE  with  a  perpendicular  If C, -which  prolong  until  it  inter- 
sects the  normal  from  A  to  GB,  at  the  point  C.  Draw  CE  ami 
prolong  it  until  it  intersects  the  normal  to  BG,  drawn  from  the 
point  B,  at  the  point  D;  and  with  C  and  D  as  centres  and  CE  and 
DK  as  radii,  describe  the  respective  curves  AE  and  BE.  This 
construction  is  simply  that  of  two  connected  parallel  straight  lines 
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■with  a  reveree  cuire.  Fig.  260  ahowa  a  good  example  of  thia  form 
of  outer  face  of  a  weir  uaed  in  counectiou  with  the  Croton  Dam, 
Kew  York,  the  coDstmction  of  which  ia  Dovel  and  somewhat 
peculiar. 

611.  The  Croton  dam  aod  weir  were  conatructed  for  water- 
storage  purposes.  It  is  one  of  the  largeat  masonry  weirs,  and  was 
founded  on  unatable  material  for  a  portion  of  ita  length  and  on 
solid  rock  for  the  remaining  portion. 

As  seen  in  the  drawing,  the  weir  portion  of  the  dam  is  com- 
posed of  a  series  of  cribs  of  different  widtha,  forming  a  series  of 
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steps.  These  cribs  are  filled  with  broken  stone;  between  the  several 
sets  of  cribs  there  are  maasea  or  columns  of  concrete.  The  criba 
and  concrete  are  built  on  a  stratum  of  alluvial  soil  containing 
bowlders.  Upon  the  cribs  and  columns  of  concrete  the  masonry  is 
constructed.  The  hearting  of  the  masonry  ia  laid  in  courses,  gen- 
erally horizontal,  over  which,  on  the  curved  outer  face,  cut  granite 
ashlar  is  laid. 

All  of  the  masonry  is  laid  with  hydraulic  cement  mortar.  Aa 
shown,  the  up-stream  face  is  vertical  for  a  depth  of  23  feet  from 
the  top,  at  which  point  the  masonry  rests  on  a  concrete  column 
between  two  seta  of  cribs.  The  upper  of  the  two  cribs  ia  above 
the  masonry  face,  and  forma  two  steps.    This  face  is  backed  by 
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earth  having  a  long,  flat  etope,  which  is  pared  on  its   upper 
surface. 

The  crest  of  the  dam  is  formed  on  a  convex  curve  having  a 
radius  of  10  feet,  and  the  outer  slope  la  formed  by  a  concave  curve 
having  a  rudius  of  55  feet,  thus  forming  an  ogee  curve  similar  to  ■ 
that  which  will  be  taken  by  the  water  Sowing  over  the  crest.  The 
total  depth  along  the  inner  face  is  50  feet.  The  maximum  thick- 
ness at  the  base  is  76  feet.  The  lowest  point  of  the  masonry  weir 
at  B  is  only  38  feet  below  the  line  of  the  crest  at  A. 

Extending  outwards  from  B  a  series  of  cribs  are  constructed 
so  as  to  give  a  rising  surface,  by  which  a  water-cushion  of  2^  feet 
in  depth  is  formed.  Of  these  the  two  cribs  adjacent  to  the 
masonry  are  filled  with  concrete;  the  other  three  are  filled  with 


broken  atone.  There  are  other  cribs,  extending  to  a  further  dis- 
tance of  about  300  feet,  not  shown  in  the  drawing,  at  the  end  of 
which  the  water  falls  to  the  bed  of  the  stream,  a  depth  of  about  15 
feet.  This  construction,  therefore,  combines  the  following  advan- 
tages :  (1)  The  water  slides  along  the  ogee  curve,  breaking  any  clear 
fall  and  consequent  shock;  (S)  the  shock  aud  velocity  are  further 
reduced  by  the  water-cnshion  and  upward  slope  of  the  apron, 
together  with  its  great  length ;  (3)  the  total  fall  is  divided  into  two 
falls  of  less  height,  namely,  38  and  15  feet,  respectively;  and  (4) 
by  this  arrangement  the  timbers  of  the  crib  are  submerged  under 
water  at  all  times. 

612.  The  new  Croton  dam  will  have  a  total  length  of  2180  feet. 
divided  as  follows:  An  earthen  dam  530  feet  long;  extreme  height 
above  foundation-bed  1~0  feet;  top  width  30  feet  at  20  feet  above 
high  water.     The  upper  or  water  slope  is  2  to  1,  paved  with  from 
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H  to  3  feet  of  cobblestone  laid  on  1^  feet  of  broken  stone.  The 
oater  or  lower  slope  is  2  to  1,  broken  by  three  benches  5  feet  wide; 
the  entire  slope  sodded.  The  core  of  t}iis  dam  is  rabble  masonry , 
extending  below  the  base  of  the  dam  to  solid  rock,  having  a  total 
height  of  225  feet,  with  a  thickness  at  top  of  6  feet  and  at  base  of 
18  feet. 

The  main  dam,  630  feet  long,  has  a  maximum  height  above  its 
foundation-bed  of  248  feet,  and  163  feet  above  the  river-bed;  its 
top  width  is  18  feet  and  its  bottom  width  185  feet.  It  is  built  of 
rubble  masonry,  and  faced  above  ground  with  coursed  work  bedded 
in  Portland  cement.  This  dam  is  connected  with  the  core  wall  of 
the  earthen  dam,  and  the  earthen  dam  itself  with  heavy  masonry 
wing  walls.    The  crests  of  these  two  portions  are  straight. 

The  weir  portion,  1020  feet  long,  curves  up-stream  from  the 
masonry  dam  nearly  at  right  angles  to  it.  The  maximum  height 
is  150  feet,  and  its  extreme  width  at  base  will  be  195  feet.  Its  up- 
stream slope  is  nearly  vertical,  while  its  outer  slope  conforms  to  an 
ogee  curve,  but  is  broken  into  a  series  of  steps  varying  from  2  to  10 
feet  in  height.  It  is  constructed  of  uncoursed  rubble  backing  and 
coursed  facing.  The  crest  of  the  weir  is  about  14  feet  lower  than 
the  crest  of  the  dam. 

Both  the  masonry  dam  and  weir  are  founded  on  solid  rock. 
The  capacity  of  the  reservoir  is  92,000  acre-feet. 

The  overflow  water  passes  over  the  weir  into  a  canal  or  channel 
excavated  in  the  hillside,  and  returns  into  the  river  well  below  the 
toe  of  the  dam. 

613.  In  Fig.  261  is  shown  a  weir  constructed  of  logs  and  square 
timbers  forming  a  large  crib,  which  is  filled  with  broken  stone  or 
gravel,  the  entire  upper  surface  enclosed  in  a  sheeting  of  plank. 
It  is  necessary,  when  such  dams  are  built  on  earth,  gravel,  or  soft 
rock,  to  carry  the  water  some  distance  below  the  toe  of  the  dam  by 
means  of  a  roUerway,  as  shown  on  the  drawing,  from  which  the 
water  should  fall  either  into  a  water-cushion  of  back  or  dead  water, 
or  if  this  cannot  be  secured,  it  should  fall  on  a  timber  or  masonry 
apron. 

It  is  unadvisable  to  let  the  water  have  a  clear  fall  over  the 
crest,  even  when  the  weir  is  founded  on  solid  rock,  unless  it  can 
fall  into  a  water-cushion.  There  are  many  designs  of  timber  dams, 
but  Fig.  261  shows  both  the  usual  design  and  character  of  con- 
struction. 

Unless  there  is  a  constant  overflow  of  water,  and  all  the  timbers 
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cnu  be  kept  constantly  wot  or  are  so  well  puddled  arouud  tliat  the 
air  can  be  kept  away  from  them,  they  will  rot  at  an  early  period, 
aod  under  such  circumstances  are  ouly  to  be  regarded  as  temporary 
structures. 

Constructed  as  above  indicated,  such  dams  are  cheap,  easily 
constructed,  and  will  be  stable  and  permanent.  When  founded  on 
gravel  or  loose  material,  sheeting-plunk  sliould  be  driven  to  a  cou- 
siderable  depth  below  the  base  of  the  dam  along  tlie  line  of  both 
inner  and  outer  lower  edges.  The  tbickneea  of  the  dam  projwr, 
ABC,  along  the  line  AB  is  about  95  foet,  while  the  height  of  the 
crest  along  BC  is  about  35  feet.  The  i-ollerway  BCllE  was  ouly 
added  after  a  clear  overfall  had  worn  away  the  bed  of  the  stream 
near  the  outer  toe.  Its  length,  DC,  la  50  feet.  The  dam  abutted 
against  heavy  masonry  wings  at  its  euds.  The  upper  face  has 
an  inclination  of  ^1°  with  the  horizontal  on  both  sides  of  the  crest. 

614,  Construction  across  Running  Streams. — In  small  running 
streams,  and  iu  many  larger  ones,  the  water  can  be  carried  around 
the  site  of  the  dam  in  artificial  channels,  either  in  excavation  or 
between  embankments,  and  subsequently  returned  to  its  proper 
channel.  The  water  may  be  confined  to  a  portion  of  its  natural 
bed  while  the  dam  is  being  constructed  across  another  portion.  In 
this  case  sluices  or  conduits  must  be  built  of  sufficient  capacity,  low 
down  in  the  dam,  to  carry  the  entire  flow  of  the  stream.  These 
can  be  built  simultaneonsly  from  both  banks,  and  the  water  subse- 
quently diverted  from  the  middle  to  one  or  both  sides,  and  the  dam 
then  completed.  It  may  even  be  necessary  to  build  &  temporary 
dam  above  the  site  of  the  intended  structure  in  order  to  divert  the 
greater  portion  of  the  water  through  some  artificial  channel. 

In  construction  and  use  of  sluices  proper  gates  should  be  pro- 
vided in  order  that  they  may  be  closed  when  the  dam  Is  completer! 
.and  ready  for  the  storage  of  water. 

Movable  dams,  head-gates,  sluice-gates,  etc.,  will  be  explained 
under  the  head  of  Improvement  of  Rivers  and  Canal  Construction. 

615.  Springs  in  Foundations.—^o  fixed  mle  can  be  given  for 
■dealing  with  springs.  If  but  one  spring  is  discovered,  its  inflowing 
channel  may  be  traced  back  to  some  elevated  position,  and  the  flow 
conducted  around  and  clear  of  the  dam  in  pipes.  If  it  is  a  well- 
<Iefined  natural  channel,  it  may  simply  be  conducted  clear  of  the 
^am  in  masonry  or  concrete  conduits  or  culverts.  But  usually  a 
number  of  small  springs  are  found  distributed  in  channels  at  differ- 
ent points  of  the  bed.     Such  cases  preseut  great  difficulties.     By 
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care  and  slow  approaches  they  may  be  smothered  or  choked  down. 
The  tendency  will  be  to  collect  these  different  channels  into  one 
large  flow,  which,  seeking  an  escape  along  the  line  oi  least  resistance, 
will  often  cause  mach  trouble  in  closing  a  dam. 

Springy  soils  are  always  sources  of  great  difficulty,  cost,  and 
danger;  and  where  practicable  it  is  better  to  change  the  site  if  by 
so  doing  such  uncertain  foundations  can  be  avoided. 

616.  Curved  Dams, — The  dams  heretofore  considered  have  been 
supposed  to  provide  stability  by  their  weight  and  sufficient  spread 
of  base.  As  is  readily  seen,  they  require  large  quantities  of  ma- 
terial and  consequent  cost.  There  has  been  much  theorizing  on 
the  subject  of  reducing  the  weight  and  quantity  of  material  by 
giving  the  form  of  a  large  horizontal  arch  to  the  dam  convex  up- 
stream, thereby  transmitting  the  pressures  and  strains  along  and 
around  the  dam  to  natural  or  artificial  abutments  at  its  ends. 
But  the  true  theory  of  the  arch  being  so  little  understood,  few  en- 
gineers have  been  bold  enough  to  attempt  to  apply  the  principles 
of  the  arch  to  the  construction  of  curved  dams. 

Since  the  pressure  of  water  is  normal  to  the  up-stream  face  of  a 
dam,  the  advantage  to  be  derived  from  the  curved  plan  arises  from 
the  fact  that  we  can  decompose  the  pressure  into  two  components, 
one  perpendicular  to  the  span  and  the  other  parallel  to  it.  The 
thickness  and  weight  can  therefore  be  reduced  by  proportioning 
them  on  the  basis  of  the  component  perpendicular  to  the  span, 
while  the  parallel  component  produces  a  compression  on  the  up- 
stream face  tending  to  bring  all  parts  of  the  dam  to  act  as  a  unit. 
It  is  evident  that  it  would  be  safe  to  give  a  lighter  cross-section  to 
the  dam  when  built  on  a  curve  than  when  in  a  straight  line;  but 
to  what  extent  this  can  be  done  with  safety  is  uncertain,  if  not  im- 
possible to  determine. 

There  have  been  built  but  few  dams  on  the  curved  plan.  Expe- 
rience has  proved  that  their  construction  is  safe,  but  with  what 
margin  or  factor  of  safety  is  not  known.  Figs.  256,  257,  and  258 
«how  the  elevation,  plan,  and  vertical  cross-section  of  one  of  the 
boldest  designs  of  the  curved  dam,  namely,  the  Bear  Valley  Dam, 
California.  It  is  not  given  as  an  example  to  be  followed,  though  it 
has  proved  its  efficiency,  but  to  show  that  at  least  a  very  great 
reliance  can  be  placed  on  the  stability  of  curved  dams.  As  shown 
in  the  drawing,  the  top  width  is  3.2  feet,  at  48  feet  below  it  is  8.4 
feet,  and  at  the  extreme  base  it  is  only  20  feet,  while  its  extreme 
height  is  64  feet.    The  length  of  its  crest  is  450  feet.    The  radius 
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of  curvature  is  300  feet.    It  is  built  of  uncoursed  rubble.    The 
lines  of  pressure  fall  from  13  to  15  feet  outside  of  its  base. 

The  Zola  dam  has  a  maximum  height  of  123  feet;  width  at  top 
10  feet  and  at  base  41.8  feet.     It  is  only  305  feet  loQg.     Its  radius 


'^^ 


of  curvature  is  158  feet.  It  is  built  of  uncoursed  rubble.  Its  sta- 
bility depeuds  upon  its  arched  form  and  the  excellency  of  its  con- 
struction, as  is  the  case  with  the  Bear  Valley  dam.  It  is  recom- 
mended to  increa§e  the  thickness  near  the  end. 


EQUILIBRIUM  OF  CHAINS,  CORDS,  RIBS,  AND  LINEAR  ARCHES. 

617.  The  following  discussion  of  several  useful  principles  is 
introduced  in  this  place  on  account  of  the  relations  of  these  princi- 
ples and  the  formulse  expressive  of  them  to  the  stability  of  arches. 
The  principles  are,  however,  directly  applicable  to  and  valuable  in 
connection  with  other  and  useful  engineering  problems. 

Eqvilibrinm  of  a  Cord. — Referring  to  the  discussion  of  the 
funicular  polygon  and  to  Figs.  G8  and  69,  it  is  evident  that  as  tlic 
number  of  sides  of  the  polygon  ia  increased,  and  consequently  the 
number  of  loaded  jroints,  the  more  nearly  does  the  polygon  of  exter- 
nal forces  approximate  to  a  continuous  line,  straight  or  curved,  anil 
the  more  nearly  does  the  funicular  polygon  approach  the  condition 
of  a  cord  continuously  loaded.  Also,  the  number  of  radiating  lines, 
representing  the  stresses  on  the  several  bars  or  sides  of  the  fuuic- 
iilar  polygon,  increase  accordingly. 

In  Fig.  3G2,  let  liABJi,  be  a  cord  or  chain — in  other  words,  a 
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fonicalar  polygon  of  an  indefinite  number  of  small  sides;  A  and  B 
two  points  on  this  cord,  AP  and  BP  the  directions  of  the  two 
sides  at  those  points,  and  CP  the  resultant  of  the  forces  between 
the  points  A  and  .&.    Since  the  portion  of  the  cord  between  A  and 


Fig.  262. 


Ri 
Fio.  268. 


B  is  in  equilibrium  under  the  action  of  the  forces  AP,  BP,  and 
CP,  they  must  meet  at  one  point  and  be  proportional  to  the  sides 
of  a  triangle  respectively  parallel  to  their  lines  of  action,  and  the 
directions  AP  and  BP  must  be  tangents  to  the  cord.  If,  then,  in 
Fig.  262  we  draw  lines  tangent  to  the  cord  at  the  points  R,  R^ ,  Ay 
and  B,  they  will  be  the  directions  of  the  pulls  at  those'  points. 
Then,  in  Fig.  263,  from  a  point  0  draw  lines  OR,  OB,  OA,  and 
OR^,  making  their  lengths  proportional  to  the  magnitudes  of  the 
pulls,  and  join  the  extremities  of  these  lines  by  a  straight,  broken, 
or  curved  line:  the  straight  line  joining  A  and  B  will  represent  the 
direction  and  magnitude  of  the  resultant  of  the  forces  on  the  por- 
tion of  the  cord  (Fig.  262)  between  A  and  B,  since  the  three  forces 
are  proportional  to  the  sides  of  a  triangle. 

If  now  the  points  A  and  B  are  taken  nearer  and  nearer  together, 
the  line  AB  (Fig.  263)  approaches  nearer  and  nearer  a  tangent  to 
the  curve,  and  when  they  become  consecutive  points  the  straight 
hne  will  be  tangent  to  the  curve;  and  hence,  as  this  line  is  the 
resultant  of  the  forces  between  A  and  B,  the  direction  of  the  force 
or  load  at  any  point  B  is  represented  by  a  tangent  to  the  line 
RBAR^  (Fig.  263),  which  is  called  the  line  of  loads. 

If,  then,  a  line  of  loads  be  drawn  such  that  while  its  radius 
vector  is  parallel  to  a  tangent  to  a  loaded  cord  at  a  given  point  its 
own  tangent  is  parallel  to  the  direction  of  the  load  at  the  given 
point  in  the  cord,  the  radius  vector  from  the  fixed  and  common 
point  0  will  represent  the  pull  on  the  cord  at  the  given  point, 
and  a  straight  line  drawn  between  any  two  points  on  the  line  of 
loads  will  represent  in  magnitude  and  direction  the  resultant  load 
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between  the  corresponding  points  on  the  cord.  The  Bnpporting 
polls  or  forces  at  the  points  Ji  and  R,  are  represented  by  the  ex- 
treme radii  OR  and  OR,. 

A  loaded  oord  is  stable,  but  permits  of  oscillation. 

61B.  If  the  forces  are  parallel  and  vertical,  then  the  line  of  loads 
becomes  the  straight  line  RR,  in  Fig.  2C3,  and  A  and  B  fall  on  the 
points  A'  and  B'  of  this  line;  CP  becomes  C"/*,  and  vertical,  in 
Fig.  2G2.  If,  then,  A  be  taken  as  the  lowest  point  of  tbe  cord,  so 
that  AP  is  horizontal,  the  following  will  be  the  algebraic  expres- 
sion of  this  condition : 

Let  H--=  OA'   =  horizontal  pall  or  tension  on  the  cord  at  A; 
"    P  =  OB'   =  pull  or  tension  on  the  cord  at  B; 
"    W  =  A'B'  =  resultant  load  on  portion  of  the  cord  AB; 
"     a  =  angle  XPB  (Fig.  263)  =  angle  AOB  (Fig.  263)  = 
the  inclination  of  the  cord  at  B. 


ff"=^tan«;    P  =  V  W'  +  iT  =  i/sec  a.    .    (368) 

Taking  the  origin  hi  a.  Fig.  262,  and  the  co-ordinates  otB, 
AX  =  z,  XB  =  y,  then 


~dx~  ff' 


^-  =  £-^' « 


a  differential  equation,  from  which  the  form  assumed  hj  the  cord 
can  be  determined  when  the  distribution  of  the  load  is  known. 

619.  In  the  preceding  case  the  distribntion  of  the  load  was  not 
given.  If,  however,  the  load  is  uniformly  distributed  along  a 
straight  line,  so  that  if  A,  Fig.  262,  is  the  lowest  point  of  the  cord, 
the  load  suspended  between  A  and  any  point  B  is  proportional  to 
the  horizontal  distance  between  them,  AX  =  x,  and  the  total  load 
between  those  points  is  TF=  wx,  w  being  the  intensity  of  the  load, 
i.e.,  BO  many  pounds  or  tons  per  lineal  foot.  The  general  solution 
of  the  following  problems  would  require  that  the  points  of  support 
R  and  R^  should  be  at  different  levels.  For  simplicity,  and  ae  cor- 
responding with  the  usual  construction,  they  will  be  considered  at 
the  same  level. 

Beqnired  to  find  the  form  of  the  curve  RABB,  and  the  rela- 
tions between  the  load  IT  and  the  tensions  at  A  and  B,  and  tbe  co- 
ordinates  AX  =  x  and  BX  =  y. 
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Substituting  the  value  of  W^wz  in  equation  (369),  we  have 

dy  __  wz 
dz^Tl' 

Hence,  recollecting  that  if  a;  =  0,  that  ^  =  0  also,  and  integrating. 


y  = 


wx 

2ir 


(370) 


which  is   the   equation  of   a  parabola  whose  focal  distance  or 
modulus  \a 


z^       H 
4y      2w 


(371) 


For  a  parabola,  the  inclination  a  to  the  horizon  is  expressed  by 


dv       z       2y 

tan  a  =  -f  =  5—  =  ~> 
dx      2m       z 


and 


sec 


''=\/'+l"'=V^^=\/ 


z 


(372) 


Then,  in  the  triangle  FBX,  Fig.  262,  we  have 


BX:  PX:  FB  ::  W :  H :  P  ::  tm  a :  1  :  sec  a 


2v  A       4v'  wx*  I         X* 

::  -=i  :  1  :  A  /  1  +  -I- ::  wa; :  — -  : :  wz\ /  1  +  7-,.  .     (373> 
z  \  z  2y  V  4y 


Since 


}r=  BX  =  wxy    H=  iAX=^  iioz  cotan  a  =  - 


1  wic' 


2    y  ' 


and 


These  relations  result  from  the  uniform  distribution  of  the  load, 
which  makes  the  resultant  wx  pass  midway  between  A  and  X\  and 
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equilibrium  requires  that  the  direction  of  the  pull  at  B  shall  also 
bisect  AX,  which,  being  a  property  of  the  paraboU,  coofiniis  the 
accuracy  of  equation  (370). 

Calling  the  length  of  the  span  Kli^  =  I,  and  the  co-ordinates  of 
the  points  R  and  R,,  respectively,  y,  and  x^  and  y,  and  ij,we 
have,  from  the  properties  of  a  parabola, 

Xi'  =; — ^    and    a;,'  =  — ^; 

.*.  x':x,'::j//.j/,;    and  since    y,  =  y,,    x,=x,=  il. 

Substituting  in  equation  (371), 

which  gives  the  modulus  m  in  terms  of  the  length  of  the  span  I  and 
the  height  of  the  points  of  support  above  the  lowest  point  of  the 
cord. 

To  determine  the  inclination  of  the  cord  at  the  points  of 
support, 

2y,      4y, 

tan  a,  =  tan  a,  =  -^  =  —^t    • 


(375) 


after  substituting  for  x,  =  x,  =  -il  =  x  in  the  first  of  equations 
(372). 

Now,  required  the  values  of  the  horizontal  tension.?  and  the 
tensions  R  and  R,. 


R  =  R,  =  Hseoa  =  ff*/^-t-/^  =  -ffi/l  +  ^^,  (376) 


after  substituting  value  of  sec  a  from  the  second  of  equations  (372). 
From  equation  (371),  H  =  Ztmn.  Substituting  value  of  m  from  eq. 
(374),  we  have 

^=^-=1:^=^" p^n 
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The  expression  for  the  half  length  of  the  parabola  RABR^  or 
ABR,  with  X,  =  i/. 


^. 


x:    X.  y>  +  V^y.*  +  T 


=  w  jtan  or  sec  a  +  hyp  log  (tan  a  +  sec  a) }.      .     .     (378) 

The  total  length  of  the  cord  is  =  25. 

The  following  approximate  value  of  8  is  near  enough  for  ordi- 
nary purposes : 

'  =  '"■  + W  =  i^  +  %"    *"'    2«  =  ?  +  %- (nearly).     (379) 

To  determine  approximately  the  elongation  of  the  cord  d{2s) 
required  to  produce  a  given  small  depression  dy  of  the  lowest  point 
A  of  the  cord.    We  have,  from  equation  (379), 

2d*,  =  ^J~'rfy (380) 

Or,  conversely,  to  determine  the  depression  from  the  given  elonga- 
tion, 

dy=^.2d8„ (381) 

whether  the  elongation  is  caused  by  heat  or  by  tension. 

The  principles  and  formulae  established  in  the  preceding  para- 
graph are  applicable  to  the  suspension  bridge,  and  are  approxi-^ 
mately  accurate  and  correct,  when  the  platform  is  suspended 
from  the  cables  or  chains  by  vertical  rods  or  bars,  and  can  be 
readily  applied  when  the  suspending  rods  are  sloping  by  intro- 
ducing the  angle  of  slope — in  this  case  the  axis  of  the  parabola  is 
parallel  to  the  direction  of  the  suspending  rods. 

620.  Eztrados  and  Lit r ados. — When  a  cord  is  loaded  with 
parallel  vertical  loads,  as  in  Fig.  264,  and  ordinates  are  drawn  pro- 
portional in  lengths  to  the  intensity  of  the  load  at  any  number  of 
points  along  it,  the  straight  or  curved  line  joining  the  lower 
extremities  of  these  ordinates  is  called  the  extrados  of  the  load;  the 
45urve  of  the  cord  itself  is  called   the  intradoa.    In  Fig.  263(a) 
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Fia.  363ta). 


RABR,  ie  the  intradoB  and  -V,OX,  or  .r, OX  is  the  extrados,  accord- 
ing as  it  is  curved  or  straight.  The  load  between  any  two  points, 
as  A  and  B,  is  evidently  proportional 
to  the  plane  area  ABA\0  or  ABXO, 
bounded  by  the  intrados,  extrados,  and 
the  extreme  ordinatea  AO  and  B.Y,  or 
ifA'  The  algebraic  processes  of  deter- 
mining the  equation  of  the  intrado.^ 
when  the  horizontal  tension  //"and  the 
equation  of  the  extrados  arc  given,  and 
other  similar  problems,  are  of  great  in- 
tricacy, and  will  not  be  introduced  in  this  volume.  For  this  disciia- 
sioQ  the  reader  is  referred  to  Kankine's  Applied  Mechanics,  page 
174,  and  following  pages. 

When  the  vertical  load  is  of  uniform  intensity,  as  in  paragraph 
6I!t,  the  intrados  is  a  parabola  and  the  extrados  is  obviously  au  equal 
and  similar  parabola  situated  at  a  uniform  depth  below  the  intrados. 
821.  Catenary  is  the  name  given  to  a  curve  in  which  a  cord  or 
chain  of  uniform  material  and  sectional  area  hangs,  when  loaded, 
with  its  own  weight  alone. 

If  the  horizontal  tension  be  taken  equal  to  the  weight  of  a  por- 
tion of  the  area  between  the  intrados  and  extrados  in  Fig.  363{((), 
and  this  area  is  made  equal  to  the  square  of  a  certain  line  whose 
length  is  m,  then  that  line  is  called  the  parameter  of  the  intrados. 

If,  then,  w  be  the  weight  of  a  unit  length  of  the  cord  or  chain, 
W  the  total  weight  of  any  length  s,  then  W=V)a,  and  the  hori- 
zontal tension  H  =  win. 

The  inclination  a  of  the  curve  at  any  point  £  to  a  horizontal 
liue  is  expressed  by  the  equations 


From  these  equations  and  from  eq.  (3G9)  of  paragraph  61S  v 
deduce 


'  H      lam  ~  m      dx' 


(383) 
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By  certain  reductions  not  necessary  to  make  in  this  volume  we 
find  the  length  of  the  arc 


(384) 


and  the  ordinate  y  is  found  by  integrating 

dy      Jds^       :       %       l(^        .^\ 


hence 


gm  ^e~^-2J  =l/7Tw?-.  w,    .     (385) 


which  is  the  equation  of  the  catenary. 
Since  If  =  vmi  and  W  =  ws,  then 

P  =  wVmT+l'  =  ^[e^  +  e"^)  =:w{^  +  m),  .     (386) 

in  which  IT  =  the  horizontal  tension,  i.e.,  the  tension  at  the  lowest 
point  of  the  curve,  w  =  the  intensity  of  the  load  or  weight  of  unit 
lengths  of  s,  m  =  the  parameter  or  leijgth  of  arc  whose  weight  is 
equal  to  the  horizontal  tension,  Tr=  total  length  of  weight  s  {=  AB), 
e  the  base  of  the  Napierian  system  of  logarithms,  x  =  AJl^^,  the 
abscissa  of  the  point  B,  and  y  =  BX^,  its  ordinate. 

From  eq.  (386)  we  see  that  the  tension  at  any  point  B  is  P, 
equal  to  the  weight  of  a  portion  of  the  cord  whose  length  is  the 
ordinate  plus  the  parameter. 

In  this  case  the  axis  of  x  is  taken  tangent  to  the  curve  at  its 
lowest  point.  If  it  is  taken  at  a  depth  AO  =  m  below  the  vertex, 
and  a;'  and  y'  be  the  new  co-ordinates  of  B, 

ml  '         -  *\ 
x  =  x'  and  /  =  y  +  w  =  -5  \e^''  +  e    »')  (from  eq.  (386) ),  (387) 

which  shows  that  the  intrados  for  a  horizontal  extrados  becomes 
identical  with  a  catenary  having  the  same  parameter  when  the  least 
ordinate  -40  is  equal  to  the  parameter.  The  following  are  some 
of  the  geometrical  properties  of  the  catenary : 
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(1)  The  radiuB  of  carvatare  at  the  vertex  is  equal  to  the  param- 
eter, and  at  any  other  point  is  v  =  m,  see'  a. 

(3)  The  length  of  the  normal  at  any  point,  measured  from  the 
point  to  a  horizontal  line  at  the  depth  of  the  parameter  m  below 
the  vertex,  is  equal  to  the  radius  of  uurvature  at  that  point. 

(3)  If  a  parabola  be  rolled  on  a  straight  line,  the  focus  of  the 
parabola  traces  a  catenary  whose  parameter  is  equal  to  the  focal 
distance  of  the  parabola. 

622.  Linear  Arches  or  Ribs. — If  we  consider  a  cord  or  chain 
capable  of  bearing  a  thrust  or  compressive  stress,  and  invert  the 
cord  by  revolving  the  carve  in  Fig.  264  through  180°  of  arc, 
while  not  changing  the  direction,  amount,  or  distribution  of  the 
loads,  except  that  they  act  inwards  on  the  cord,  i.e.,  towards  its 
centre  of  curvature,  instead  of  outwards,  then  it  becomes  what 
Mr.  Rankine  calls  a  linear  arch  or  equHibraied  rib,  on  which  at 
each  point  acts  a  thmst  or  compressive  stress,  exactly  equal  to  the 
pull  or  tension  as  determined  in  the  preceding  paragraphs. 

Linear  arches  do  not  exist,  but  all  the  propositions  and  equa- 
tions respecting  cords  or  chains  are  applicable  to  the  lines  of  resist- 
ance of  real  arches  and  arched  ribs  when  a  thrust  is  substituted 
for  a  pull,  and  the  direction  of  the  thrust  at  each  joint  Is  tangent 
to  the  line  of  resistance,  or  curve  connecting  the  centres  of  press- 
ure at  the  joint. 

The  principles  of  paragraph  619  are  applicable  to  linear  arches 
under  parallel  loads,  and  the  quantity  ^  is  a  constant  thmst  in 
direction  perpendicular  to  that  of  the  loads.  The  form,  therefore, 
of  ednilibriuin  for  a  linear  arch,  under  a  uniform  load,  is  a  parab- 
ola similar  to  that  described. 

623.  In  the  case  of  a  linear  arch  under  a  vertical  load,  the 
intrados  is  the  curve  of  the  arch  itself;  the  extrados  is  the  line 
drawn  through  the  upper  extremities  of  the  ordinatea,  whose 
lengths  represent  the  intensities  of  the  load,  as  would  be  shown  by 
inverting  the  entire  figure  (see  Fig.  2G4(a)),  And  from  paragraph 
621  it  appears  that  tbe  figures  of  all  such  arches  may  be  dednoed 
from  that  of  the  catenary  by  inverting  and  altering  its  horizontal 
and  vertical  co-ordinates  in  given  constant  proportions  for  each 
case. 

The  following  principles,  though  applicable  to  cords  or  chains, 
have  their  principal  value  in  tbe  applications  of  them  to  linear 
arches  or  ribs. 

624.  Oircjilar  Arch. — If  we  assume  a  hollow  cylinder  of  any 
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material  and  of  a  length  equal  to  unity  to  be  acted  upon  at  all 
points  of  its  exterior  surface  by  a  pressure  of  uniform  intensity 
and  normal  to  the  surface,  as  indicated  in  Fig.  264(a),  we  readily 
find  the  following  equations  and  principles: 

Let  p  denote  the  intensity  of  the  external  pressure,  in  units  of 
force  per  unit  of  area;  r  the  radius  of  the  ring,  unity  in  thickness; 
T  the  thrust  exerted  around  the  ring,  or  per  unit  of  length :  then 
pj^zzpy=zp.  Obviously,  as  the  pressure  is  of  equal  intensity  all 
around,  the  form  of  the  ring  should  be  similar  to  itself  all  around; 


Fig.  264. 

in  other  words,  a  section  of  the  cylinder  in  the  plane  of  pressures 
should  be  a  circle.  If,  then,  we  cut  the  ring  by  any  diametrical 
plane  BB  or  CC,  since  the  total  pressures  on  the  two  halves  are 
balanced  by  the  thrusts  at  B  and  B  or  C  and  C,  each  equal.to  T  or 
2!r  at  both  points,  we  can,  so  far  a»  equilibrium  is  concerned, 
remove  one  half  of  the  ring,  provided  we  substitute  a  pressure 
equal  to  T  at  the  points  B  and  B  or  Cand  C;  and  since  the  press- 
ure is  similar  to  a  fluid  pressure,  both  the  horizontal  and  vertical 
intensities  are  equal  to  the  normal  intensity  p.  Since  this  intensity 
acts  normal  to  the  diameter  BB  or  CC,  then  the  total  pressure  jo  X 
2r  must  be  equal  to  2T.     Hence 


2T=2pr    and     T  =  pr, 


(388) 


which  means  that  the  thrust  on  a  circular  ring  under  a  uniform 
normal  pressure  is  the  product  of  the  pressure  on  a  unit  of  circum- 
ference by  the  radius. 

625.  If,  then,  we  consider  the  condition  of  a  quadrant  AB,  the 
thrust  in  a  horizontal  direction  at  A  is  equal  to  that  in  a  vertical 
direction  at  B,  and  the  total  vertical  and  horizontal  pressures 
exerted  on  the  quadrant  are  equal:  V  =  H  =  T  =  pr. 

This  principle  and  the  resulting  equations  apply  as  well  to  thin 
hollow  cylinders,  boilers,  pipes,  etc.,  under  a  uniform  intensity  of 
pressure  exerted  by  a  fluid  confined  within,  r  being  the  radius 
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of  the  internal  cylindrical  surface^  and  T  being  a  tension  or  pull 
instead  of  a  thrust. 

In  either  case  the  uniform  distribution  of  the  thrust  or  pull  is 
only  true  when  the  thickness  of  the  ring  is  small  as  compared  with 
the  radius. 

626.  In  the  preceding  paragraph  it  is  to  be  noted  that  every 
pair  of  conjugate  pressures  were  not  only  uniform  in  amount  and 
direction,  but  also  .equal  to  each  other;  which  is  practically  true 
when  the  external  pressures  are  great  and  the  diameter  of  the 
arch  or  ring  is  relatively  small,  as  would  be  the  case  with  a  cylin- 
drical ring  immersed  to  a  great  depth  in  water. 

If  while  the  pressures  are  uniform  in  amount  and  direction, 
relatively  to  two  planes  or  diameters  conjugate  to  each  other,  but 
these  pressures  are  not  equal  to  each  other  as  in  the  preceding 
paragraph,  then  all  the  forces  or  pressures,  acting  parallel  to  any 
given  direction,  will  be  altered  from  those  which  act  in  a  fluid  mass 
by  a  given  constant  ratio,  so  that  they  may  be  represented  by 
parallel  projections  of  the  lines  which  represent  the  forces  that 
act  in  a  fluid  mass.  Hence  the  figure  of  a  linear  arch,  which 
sustains  such  a  system  of  forces  or  pressures,  must  be  the 
parallel  projections  of  a  circle,  that  is,  it  must  be  an  ellipse. 
The  coijstructions  in  Fig.  264  show  clearly  the  meaning  cf  a  par- 
allel projection  and  the  method  of  constructing  them.  Fig.  264(ft) 
shows  an  ellipse  which  is  the  parallel  projection  of  a  circle; 
figure  (a)  when  the  vertical  dimensions  remain  the  same  and  the  hor- 
izontal dimensions  are  shortened  or  contracted;  and  figure  (c)  when 
they  are  lengthened  or  expanded  in  a  given  constant  ratio, 
denoted  by  y* 

Then  will  r  be  the  vertical  and  yr  the  horizontal  semi-axis  of 
the  ellipse;  and  if  x  and  y  are  the  vertical  and  horizontal  co-ordi- 
nates of  any  point  in  the  circle,  respectively,  and  x'  and  y'  those  of 
the  corresponding  point  in  the  ellipse,  then  a:'  =  a;,  and  y'  =  yy. 

If  CC  and  DD  be  any  pair  of  diameters  of  the  circle  at  right 
angles  to  each  other,  their  projections,  C^C^  and  DJ)^^  will  be  a 
pair  of  conjugate  diameters  of  the  ellipse. 

Let  Px  be  the  total  vertical  pressure  and  Py  the  total  horizontal 
pressure  on  one  quadrant,  AB^  of  the  circle.     Then 

P^=^Py=  T  =  pr. 
If,  then,  Px   and   Py    be  the  total  vertical  and   horizontal 
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pressures,  respectively,  on  one  quadrant  of  the  ellipse,  as  A^B^  and 
A^B^y  and  Tx'  be  the  vertical  thrust  on  the  rib  at  B^  or  J?,,  and 
Ty  the  horizontal  thrust  at  A^  or  A^y  by  the  principle  of  trans- 
formation 

■ 

T^'^PJ^P^^T^pTy      Ty'  ^Py'^yPy^yT^ypr-y      (389) 

which  means  that  the  total  thrusts  are  as  the  axes  to  which  they  are 
parallel. 

Again,  let  P'  =  T'  be  the  total  pressure  parallel  to  any  semi- 
diameter  of  the  ellipse,  OjZ>,  or  0,Z),,  on  the  quadrant  B^C^  or 
D^C^y  which  force  is  also  the  thrust  of  the  rib  at  C,  or  C,,  the  ex- 
tremity of  the  diameter  conjugate  to  O^D^  or  0,Z>,:  making  0^D^ 
or  0,Z>,  =  r,,  then 

P'  =r  =  -'P  =  pr,; (390) 

or,  the  total  thrusts  are  as  the  diameters  to  which  they  are  parallel. 
Since  the  intensities  are  equal  to  ibhe  total  pressures  divided  by 
the  areas  over  which  they  are  distributed,  these  areas  being,  respec- 
tively, for  the  conjugate,  horizontal,  and  vertical  pressures  on  the 
elliptical  arch  of  unity  in  length,  cr  and  r, ,  then  the  intensities 
p/  and  py'  are  as  follows: 

P'=^=p    Pv'  =  ^  =  YP-     •     •    .     (391) 


If  r'  and  r  are  the  axes  or  horizontal  and  vertical  semi-diame- 

ters  of  the  ellipse,  respectively,  then  y  =  — ,  and  equations  (391) 

rp  pr' 

become  px'  =  -S  *^d  py'  =  ^-— .     Hence 

pl^rp^PTl^rL.  /ooox 

Pv^t''    r  ~  r'*' ^    ^^ 

which  means  that  the  intensities  of  the  principal  pressure  are  to 
each  other  as  the  squares  of  the  axes  of  the  elliptic  arch  to  which 
ihey  are  parallel. 

Then,  to  adapt  an  elliptic  arch  to  uniform  vertical  and  horizon- 
tal pressures,  the  ratio  of  the  axes  of  the  arch  must  be  the  square 
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root  of  the  ratio  of  the  intensities  of  the  principal  pressures.    Since 


r  =  -r'  ^*  =  ?=^'  •••V  =  ^|<-  •   •  W 


And^  similarly^  we  could  prove  that  the  intensity  of  the  pressure 
in  the  direction  of  a  given  diameter  is  directly  as  that  diameter  and 
inversely  as  the  conjugate  diameter;  or^  that  the  intensities  of  a 
pair  of  conjugate  pressures  are  to  each  other  as  the  squares  of  the 
conjugate  diameters  of  the  elliptic  rib  to  which  they  are  respec- 
tively parallel. 

The  elliptic  arch  is  obviously  the  form  for  a  tunnel  linings  since 
without  material  error  we  may  consider  the  pressures  as  not  only 
conjugate,  but  as  principal  stresses,  respectively  vertical  and  hori- 
zontal, and  each  as  uniform  in  its  own  direction;  and,  as  a  practi- 
cal fact,  tunnels  are  usually  a  portion  of  an  ellipse. 

627.  It  is  evident  that  if  the  pressure  be  normal  at  every  point 
of  the  arch  the  thrust  must  be  constant  at  every  point,  since  it  can 
only  vary  by- the  application  of  a  tangential  pressure  on  the  arch; 
and  the  radius  of  curvature  is*inversely  as  the  pressure,  or 

T  =  ^p  =  a  constant;      .    .    .    .    .    (394) 

which  is  expressive  of  the  condition  of  a  circular  arch  under  a  uni> 
form  normal  pressure. 

The  radii  of  curvature  of  the  ellipse  are  expressed  by  the  follow- 
ing equations,  using  same  symbols  as  before.  At  the  points  A^ 
or  A^ 


and  at  B^  or  B^ 


r*       r 


Pa?  =  —  =  — . 
yr      y 


(395) 


Equation  (394)  is  used  in  connection  with  determining  the 
thrust  around  a  curved  dam. 

The  circular  and  elliptic  arch,  or  some  modified  form  of  the 
latter,  such  as  the  basket-handle  arch,  which  is  formed  by  several 
circular  portions  of  different  radii  which  can  be  made  to  approxi- 
mate very  closely  to  the  actual  ellipse,  are  the  only  forms  in  which 
arches  are  usually  constructed. 
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628.  The  hydrostatic  arch  is  formed  so  as  to  be  in  equilibrium 
under  a  normal  pressure,  but  not  of  uniform  intensity,  as  in  a  fluid 
the  intensity  of  the  pressure  varies  as  the  depth  of  the  point  of 
the  arch  at  which  the  pressure  is  exerted  below  the  water  surface. 

The  geostatic  arch  is  the  true  form  of  an  arch  acted  upon  by  the 
pressure  of  a  mass  of  earth,  in  which  not  only  are  the  conjugate 
pressures  unequal  in  intensity,  but  they  are  also  inclined  to  each 
other  in  direction. 

The  mathematical  discussion  of  both  of  these  subjects  is  intri- 
cate and  difficult.  The  reader  can  find  these  subjects  fully  dis- 
cussed in  Rankine^s  Applied  Mechanics. 

629.  A  few  of  the  more  simple  and  important  relations  and 
equations  will  be  of  service  for  a  clearer  understanding  of  the  theory 
of  arches  and  tunnels. 

From  equation  (394)  it  is  seen  that  under  the  action  of  a  nor- 
mal pressure  of  equal  intensity  the  total  thrust  on  the  ring  or  arch 
is  constant  for  all  points,  and,  likewise,  that  the  radius  of  curvature, 
which  varies  directly  as  the  thrust  and  inversely  as  the  pressure,  is 
also  constant;  i.e.,  the  curve  of  the  arch  is  a  circumference  of  a 
circle. 

The  Hydrostatic  Arch, — If,  while  the  direction  of  the  pressure 
is  normal  to  the  ring  at  every  point,  the  intensity  of  the  pressure 
varies  with  the  depth  of  the  point  below  the  surface,  and  is  equal 
to  the  intensity  of  the  vertical  pressure  at  that  same  point,  we  have 
a  condition  of  actual  fluid  or  water  pressure  on  the  ring. 

The  linear  arch  suited  to  this  condition  of  pressure  is  called  the 
hydrostatic  arch.  Then,  from  equation  (394),  the  radius  of  curva- 
ture at  any  point  is 

P  =  j> (396) 

and  varies  inversely  as  the  intensity  p  of  the  pressure,  it  will  also 
vary  inversely  as  the  depth  below  the  water  surface. 

If,  in  Pig.  265(a),  YOY^  represents  the  surface  of  the  water; 
BAB  a  linear  arch  in  equilibrium  under  the  pressure  of  water; 
x^  the  least  depth,  or  depth  of  the  crown  A  =  OA  below  the  sur- 
face; r,  =  radius  of  curvature  at  the  crown;  Oy,  =  X(7  =  y,  and 
0X=  Y^C^^Xy  the  vertical  and  horizontal  co-ordinates  of  any 
point  C  on  the  arch,  the  origin  0  being  taken  at  the  intersection  of 
a  vertical  line  (drawn  upwards  from  the  crown  A)  and  the  surface 
of  the  water  YOY^^  the  length  of  the  arch  perpendicular  to  the 


712 


HYDROSTATIC  ABCH. 


plane  XOY  being  unity;  the  radius  of  curyature  at  any  point  G 
of  the  ring  =  r;  w  =  the  weight  of  a  unit  of  volume  (1  cubic  foot) 
of  the  liquid  or  water^  the  pressure  of  which  is  equivalent  to  the 
load  on  the  arch :  Then  the  intensities  of  the  external  normal  pres- 
sure on  the  arch  are  equal  to  the  weight  of  a  unit  of  volume  of  the 
liquid  by  its  depth  below  the  surface. 

Hence  at  A  the  intensity  of  the  normal  pressure  is  p^  =  wx^y 
and  at  any  point  C  the  intensity  f  =  wx. 

Since  the  intensity  of  the  pressure  varies  directly  as  the  depth, 
while  the  radius  of  curvature  varies  inversely  as  the  depth,  the 
tlirust  of  the  arch  is  a  constant  quantity, 

T  =  jo.r.  =  wx^T^  =  or  =  wxr^  (since  — •  =  —    and    -^  =  — ?) ; 


from  which  follows  the  relation 


xr  =  aj,r,. 


(397) 


The  property  of  having  the  radius  of  curvature  inversely  pro- 
portional to  the  depth  of  the  point  below  the  water  service  enables 
the  curve  to  be  drawn  by  joining  a  series  of  short  circular  arcs. 
The  shorter  the  arcs  the  closer  the  approximation  to  the  true 
curve. 

At  some  point  B  or  B^,  Fig.  265(a),  the  curve  becomes  vertical, 


but  continues  to  curve  downward  to  some  point  2>  or  Z>, ,  where  it 
reaches  its  greatest  depth  and  has  its  least  radius  of  curvature. 
Prom  these  points  it  curves  upward  and  upward,  and  if  continued 
would  form  a  series  of  similar  curves.  Obviously  the  only  portion 
of  the  curve  or  arch  suitable  for  supporting  a  load  is  from  B  around 
through  -4  to  i^,,  the  curve  being  vertical  at  the  points  B  and  B, 
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and  horizontal  at  A,  its  highest  point  or  crown,  where  its  radius  of 
carvatiire  is  greatest. 

630.  Considering,  then,  the  portion  of  the  curve  BAB^  in  Fig. 
265(a),  it  is  evident  that  the  entire  vertical  pressure  on  the  semi- 
arch  ^C'£  must  be  sustained  by  the  thrust  7"  of  the  arch  at  B\  and 
the  entire  horizontal  pressure  by  an  equal  horizontal  thrust  jTat  ^. 
The  vertical  intensity  of  the  pressure  at  any  point  C,  at  a  depth  x 
below  the  surface,  on  an  infinitely  small  horizontal  area  dy  is  wxdi/y 
and  the  total  vertical  load  above  the  semi-arch  AOB  will  be 


FT,  =  /  wxdy 


between  the  points  A  and  B,  whose  co-ordinates  are,  respectively, 
a:.,  y„  and  x^,  y^.    Hence 

xdy; 
xdy  =  area  OA  QBE.      .    .     (398) 

Or,  in  words,  the  area  of  the  figure,  bounded  by  the  surface  of  the 
water  y, OF,  the  curve  of  the  semi-arch  ACB,  and  the  vertical 
ordinates  at  its  extremities,  namely,  the  shortest  and  longest  ordi- 
natea,  respectively  OA  and  EB,  is  equal  to  the  constant  product  of 
any  vertical  ordinate  of  the  curve  by  the  radius  of  curvature  at  its 
extremity,  or  xr  =  xj^  =  x^r^, 

631.  Similarly,  the  vertical  pressure  on  any  portion  of  the  arch, 
as  from  A  to  C,  is 


W^w  I  xdy, 


which  is  supported  by  the  vertical  component  of  the  thrust  on  the 
arch  ring  at  the  point  C,  Fig.  265(a),  which  is  Tsin  a;  a  being 
the  angle  of  inclination  of  the  linear  arch  at  the  point  C  to  the 
horizon.    Hence 


/W  tOX  T 

xdy  =  wxr  sin  a  =  wx^r^  sin  a  =  —     °  "- 


^  dx' 
.*.  xr  Bin  a  =  z,r,  sin  a  =  /  xdy.      .    .    .    (399) 
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Or^  in  words,  the  area  between  the  shortest  vertical  ordinate 
OA  =  x^  and  the  other  vertical  ordinate  a;  =  y,C,  the  curve  AC 
and  the  surface  YfiYy  i.e.,  the  area  OACY^^Sa  the  continued  prod- 
uct of  any  vertical  ordinate  by  the  radius  of  curvature  and  the 
sine  of  the  angle  of  inclination  of  the  linear  arch  at  the  point  whose 
vertical  ordinate  is  x, 

632.  The  horizontal  pressure  on  the  semi-arch  ABC  is  equal  to 
that  exerted  by  a  fluid  on  the  vertical  plane  AB  submerged  in  it, 
its  upper  edge  being  at  a  distance  OA  ==  x^  below  the  surface  of 
the  water  and  its  lower  edge  at  a  distance  OD  =  x^  below  the  same 
surface.  Since  this  is  a  rectangular  surface  whose  length  is  unity 
and  height  a;,  —  a;,,  its  area  is  =  rr,  —  a;„,  and  its  centre  of  gravity  is 

X    I   ic 
at  a  point  x^  +  i(^i--  ^o)  =    '  T  —  below  the  water  surface;  hence, 

from  the  principle  of  paragraph  588,  Art.  XLIII,  the  total  pressure 
on  this  surface 


^1  —  a?, 


'-^wPpdx (400) 


This  pressure  is  balanced  by  the  thrust  (horizontal)  T^  at  the 
crown  A ;  hence 

X  *  ~~  iu  *  aj  *  -^  X  * 

T^  =  wxr  =  wx^r^  =  w-^— ^ — -    or    xr  =  x^r^  =  -^—r — -^ 

hence 


x,^Vx,'  +  2x,r, (401) 

Prom  this  equation  we  find,  when  the  depth  of  the  crown  below 
the  water  surface  and  the  radius  of  curvature  at  the  crown  are 
known,  the  depth  of  the  point  B  =  x^  below  the  surface;  that  is, 
the  point  where  the  curve  becomes  vertical  can  be  determined. 

Similarly,  the  horizontal  pressure  on  the  portion  of  arch  between 
0  and  B  is  equal  to  the  pressure  of  the  water  on  a  portion  of  the 
plane  XD,  whose  area  is  a;,  —  x,  and  whose  centre  of  gravity  below 

X      I    2J 

the  surface  is  --^-5 — ;  hence  total  pressure 

a; '  -  x' 
=  w-^—- — . 
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This  must  be  balanced  by  the  horizontal  component  of  the 
thrust  of  the  arch  at  C  =  Tom  a.    Hence 


r  cos  a  =  wxr  cos  a  =  wx^r^  cos  a  =  w-^-5 — .       (402) 


Hence 


x:  -  x' 


ic,r,  cos  a  =  -^ — , (403) 


which  gives,  for  the  yalue  of  any  vertical  ordinate  x, 


X  =  Vic,"  —  2x^r^  cos  a  =  Vx^*  +  2x^r^{l  —  cos  a) 


=/ 


^0'  +  ^^0^0  sill'  |,   .    .    .     (404) 

after  substituting  the  value  of  x^  from  eq.  (401),  and  recollecting 
that  1  —  cos  or  =  2  sin*  ia. 

From  equation  (403)  we 'can  write  for  any  ordinate  x', 

X,'  -  x'' 

-^-3 =  »o^o  cos  a'; 

«•  —  a;* 
and  combining  -^-^ —  =  a.r,  cos  a  by  subtraction,  we  find 

jb"  —  a;"  =  2ar,r^(coe  a  —  cos  a'); .    .    .    .     (405) 

or  the  difference  between  the  squares  of  any  two  vertical  ordinates 
varies  as  the  difference  of  the  cosines  of  the  respective  inclinations 
of  the  arc  at  their  lower  ends. 

From  equation  (405),  since  at  the  crown  the  cosine  of  the  incli- 
nation is  unity, 

1  -  cos  a  =  2  sin*  ia  =  1 ^ =  ^' ""  ^\     (406) 

The  several  properties  of  the  hydrostatic  arch  thus  determined 
can  be  expressed  by  one  formula, 

P^  J^^dy      ^.  .  ^.      a?;  -  g« 

^J'^  =  xr  ^   I    xdy  =  -^, =  -^— ^ — -  =  -~ 

•  •  / •        ^        sin  a  2  2  cos  a 

^'*""^"  (407) 


2  (cos  a  —  cos  a') 
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These  different  properfcies  can  be  expressed  in  words^  by  simply 
reading  the  meaning  of  the  different  factors  in  each  term^  all  of 
which  are  equal  to  the  depth  of  any  point  below  the  liquid  surface 
multiplied  by  the  radius  of  curvature  at  that  point  =  xr. 

632a.  Oeostatic  Arch. — A  linear  arch  which  is  suited  to  sustain 
a  pressure  similar  to  that  of  earth  is  called  a  geostatic  arch,  as 
was  fully  explained  in  Art.  XLII,  in  which  the  conditions  of  press- 
ure in  a  mass  of  earth  in  equilibrium  were  shown  to  be  that  of  two 
conjugate  pressures  in  a  given  vertical  plane,  the  intensity  of  the 
vertical  pressure  being  simply  proportional  to  the  weight  of  the 
material  per  unit  of  volume  and  to  the  depth  of  the  conjugate 
plane  (which  is  parallel  to  the  surface  of  the  earth-mass)  below  the 
surface,  and  acting  on  a  unit  of  area  of  the  conjugate  plane, 
whether  inclined  or  horizontal.  The  intensity  of  the  conjugate 
pressure,  acting  parallel  to  the  surface,  and  on  a  unit  area  of  the 
vertical  plane,  bears  a  certain  constant  ratio  to  the  vertical  intensity, 

but  not  equal  to  it,  i.e.,  -"-,  =  y^y  a  constant.    (See  equation  (393).) 

If  the  slope  of  the  earth  mass  has  an  inclination  6  to  horizon, 
then  the  intensity  of  the  vertical  pressure^  at  a  given  depth  2:', 
will  be 

Px'  =  w'x'  cos  6^; (408) 

w'  being  the  weight  of  a  unit  of  volume  of  the  earth. 
The  conjugate  pressure,  then,  from  equation  (393), 

=  py'  =  yWx'  cos  A (409) 

Let  us  suppose  a  hydrostatic  arch,  whose  vertical  and  horizontal 
co-ordinates  are  x  and  y,  to  be  subjected  to  the  pressure  of  a 
material  whose  weight  w  per  cubic  foot  is  w  =w'  cos  A  Then,  at  y 
given  point  in  this  arch,  whose  depth  is  x^x'  below  the  surface, 
we  have,  from  equations  (408),  (409), 

Px=Py  =  wx  =  yw'x'  cos  6  =  ypit'  =  ^.  .     .     (410) 

If,  as  in  Fig.  265(ft),  we  transform  by  parallel  projection  the 
hydrostatic  arch  (a),  so  that  while  the  vertical  ordinates  remain 
equal  the  conjugate  ordinate  of  any  point  in  (6)  shall  bear  to  the 
horizontal  co-ordinate  in  (a)  of  the  corresponding  point  the  ratio 
yy  then 

x  =  x'  and  y'  =  yy (411) 
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The  total  vertical  and  horizontal  pressures  in  the  hydrostatic 
arch  between  two  given  points  will  be,  respectively, 

Px=^fpw/dy,     Py^  fp^x)  ....    (412) 

and  the  total  vertical  and  conjugate  pressures  on  the  arc  between 
the  two  corresponding  points  in  the  transformed  arch  (h)  will  be 

Px'^fpx'dy',    Py'^fpy'dx\    .    .    .    (413) 

Substituting  in  equations  (412),  (413)  the  values  of  the  terms  in 
equations  (410),  (411),  namely, 

y 

there  results 

/>,  =  y*My,   Px  =  y^r^  =  fp^y\  •••  Px  =  p/.  (4i4) 

P^  =  J^pydXy     Py'  =  fypydx]     .-.  Py'  =  yPy.      .     .     .     (415) 

The  relations  between  the  total  pressures  in  the  same  direction 
are  the  same  as  between  the  co*ordinates,  equation  (411),  of  the 
two  curves  (a)  and  (^),  Fig.  265. 

Consequently  the  transformed  arch  is  such  a  parallel  projection 
of  the  original  arch  under  forces  represented  by  lines  which  are  tlie 
coaresponding  parallel  projections  of  the  lines  representing  the 
forces  acting  on  the  original  arch ;  and  therefore  it  is  in  equilibrio, 

633.  Then,  since  total  vertical  pressure  in  the  two  arches  is 
the  same,  the  total  vertical  thrust  at  the  points  B,  ^J,  J9,,  and  B^ 
(Fig.  265),  will  be  equal,  and  equal  to  the  pressures 

P^^P^'=T, (416) 

But  since  the  total  horizontal  pressures  are  different,  having  the 

P  ' 

ratio  -~-  =  Yy  the  ratio  of  the  horizontal  thrusts  in  (6)  to  that  in 

.  Py 
{a)  must  have  the  same  ratio;  or,  calling  the  crown  thrust  in  (&)  at 
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root  of  the  ratio  of  the  intensities  of  the  principal  pressures.    Since 

y  =  ?l',    Y'^—.^K\    ••.V  =  l/^.     .     .     (393) 

And^  similarly^  we  could  prove  that  the  intensity  of  the  pressure 
in  the  direction  of  a  given  diameter  is  directly  as  that  diameter  and 
inversely  as  the  conjugate  diameter;  or^  that  the  intensities  of  a 
pair  of  conjugate  pressures  are  to  each  other  as  the  squares  of  the 
conjugate  diameters  of  the  elliptic  rib  to  which  they  are  respec- 
tively parallel. 

The  elliptic  arch  is  obviously  the  form  for  a  tunnel  lining,  since 
without  material  error  we  may  consider  the  pressures  as  not  only 
conjugate,  but  as  principal  stresses,  respectively  vertical  and  hori- 
zontal, and  each  as  uniform  in  its  own  direction;  and,  as  a  practi- 
cal fact,  tunnels  are  usually  a  portion  of  an  ellipse. 

627.  It  is  evident  that  if  the  pressure  be  normal  at  every  point 
of  the  arch  the  thrust  must  be  constant  at  every  point,  since  it  can 
only  vary  by  the  application  of  a  tangential  pressure  on  the  arch; 
and  the  radius  of  curvature  isinversely  as  the  pressure,  or 

5r  =  j?p  =  a  constant;      .    .    .    .    .    (394) 

which  is  expressive  of  the  condition  of  a  circular  arch  under  a  uni- 
form normal  pressure. 

The  radii  of  curvature  of  the  ellipse  are  expressed  by  the  follow- 
ing equations,  using  same  symbols  as  before.  At  the  points  A^ 
or  A^ 


Py  = 

y  T 
r 

=  y'r; 

Px  = 

yr~ 

__  r 

r 

and  at  5,  or  5,  > (395) 


Equation  (394)  is  used  in  connection  with  determining  the 
thrust  around  a  curved  dam. 

The  circular  and  elliptic  arch,  or  some  modified  form  of  the 
latter,  such  as  the  basket-handle  arch,  which  is  formed  by  several 
circular  portions  of  different  radii  which  can  be  made  to  approxi- 
mate very  closely  to  the  actual  ellipse,  are  the  only  forms  in  which 
arches  are  usually  constructed. 
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628.  The  hydrostatic  arch  is  formed  so  as  to  be  in  equilibrium 
under  a  normal  pressure^  but  not  of  uniform  intensity,  as  in  a  fluid 
the  intensity  of  the  pressure  varies  as  the  depth  of  the  point  of 
the  arch  at  which  the  pressure  is  exerted  below  the  water  surface. 

The  geostatic  arch  is  the  true  form  of  an  arch  acted  upon  by  the 
pressure  of  a  mass  of  earth,  in  which  not  only  are  the  conjugate 
pressures  unequal  in  intensity,  but  they  are  also  inclined  to  each 
other  in  direction. 

The  mathematical  discussion  of  both  of  these  subjects  is  intri- 
cate and  difficult.  The  reader  can  find  these  subjects  fully  dis- 
cussed in  Rankine^s  Applied  Mechanics. 

629.  A  few  of  the  more  simple  and  important  relations  and 
equations  will  be  of  service  for  a  clearer  understanding  of  the  theory 
of  arches  and  tunnels. 

From  equation  (394)  it  is  seen  that  under  the  action  of  a  nor- 
mal pressure  of  equal  intensity  the  total  thrust  on  the  ring  or  arch 
is  constant  for  all  points,  and,  likewise,  that  the  radius  of  curvature, 
which  varies  directly  as  the  thrust  and  inversely  as  the  pressure,  is 
also  constant;  i.e.,  the  curve  of  the  arch  is  a  circumference  of  a 
circle. 

The  Hydrostatic  Arch, — If,  while  the  direction  of  the  pressure 
is  normal  to  the  ring  at  every  point,  the  intensity  of  the  pressure 
varies  with  the  depth  of  the  point  below  the  surface,  and  is  equal 
to  the  intensity  of  the  vertical  pressure  at  that  same  point,  we  have 
a  condition  of  actual  fluid  or  water  pressure  on  the  ring. 

The  linear  arch  suited  to  this  condition  of  pressure  is  called  the 
hydrostatic  arch.  Then,  from  equation  (394),  the  radius  of  curva- 
tnre  at  any  point  is 

P  =  5. (396) 

and  varies  inversely  as  the  intensity  p  of  the  pressure,  it  will  also 
vary  inversely  as  the  depth  below  the  water  surface. 

If,  in  Fig.  265(a),  YOY^  represents  the  surface  of  the  water; 
BAB  a  linear  arch  in  equilibrium  under  the  pressure  of  water; 
x^  the  least  depth,  or  depth  of  the  crown  A  =  OA  below  the  sur- 
face; r„  =  radius  of  curvature  at  the  crown;  OY^^  XC  =  y,  and 
OX  =  Y^O  =  Xy  the  vertical  and  horizontal  co-ordinates  of  any 
point  C  on  the  arch,  the  origin  0  being  taken  at  the  intersection  of 
a  yertical  line  (drawn  upwards  from  the  crown  A)  and  the  surface 
of  the  water  YOY^ ,  the  length  of  the  arch  perpendicular  to  the 
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at  the  crown,  and  the  yertical  thrust  at  the  springing 

To  pursue  further  a  purely  mathematical  discussion  of  the 
theQry  of  the  arch  would  lead  us  into  a  labyrinth  of  higher  analy- 
sis, requiring  the  use  of  elliptic  functions,  transcendental  equations, 
and  the  like;  the  results  of  which,  while  doubtless  true  from  a 
purely  theoretical  point  of  view,  would  not  be  of  any  practical  value, 
since  ideal  or  linear  arches  have  no  real  existence,  and  the  necessary 
modification  of  the  actual  conditions  of  loading,  supporting,  and 
constructing  a  real  arch  would  render  the  data  and  assumptions 
used  so  uncertain  that  the  results  would  be  unreliable,  and  the  large 
number  of  difficult  equations  to  solve  and  relations  to  satisfy  would 
impose  an  amount  of  labor  almost  prohibitive.  For  such  complete 
discussion  see  Eankine's  Applied  Mechanics. 

636.  The  preceding  discussions,  however,  lead  to  the  following 
general  conclusions: 

(1)  That  if  an  arch  is  subjected  to  the  action  of  a  vertical  load 
uniformly  distributed  along  a  horizontal  line  the  curve  of  the  arch 
should  be  that  of  a  parabola  (see  paragraph  619).  This  never 
occurs  with  masonry  arches. 

(2)  If  the  load  is  uniformly  distributed  along  the  curve,  then 
the  curve  of  the  arch  may  be  that  of  the  common  catenary  (see 
paragraph  621).  In  this  case  the  depth  of  the  load  at  the  crown 
is  fixed  by  the  equation  of  the  curve,  being  equal  to  the  modulus 
m.  The  condition  of  the  vertical  load  in  this  can  be  represented 
by  a  mass  of  some  substance,  such  as  masonry,  having  a  uniform 
specific  gravity,  whose  bounding  surfaces  are  respectively  the  curve 
of  the  arch,  the  least  and  greatest  vertical  depths  of  the  curve  from 
a  horizontal  surface,  and  the  horizontal  surface  itself.  The  length 
of  the  arch  being  unity,  and  the  least  depth  the  modulus  w,  the 
intensity  of  the  load  at  any  point  is  proportional  to  the  depth  at 
that  point. 

By  transforming  the  curve  so  that,  while  the  horizontal  abscissa 
of  each  point  remains  the  same  as  in  the  original  curve,  the  vertical 
ordinates  representing  the  intensity  of  the  loading  at  each  point 
are  changed  in  a  constant  ratio,  we  can  alter  at  will  the  depth  of 
the  highest  point  of  the  arch  below  the  surface;  in  other  words, 
as  w  is  the  depth  equal  to  OA  of  the  inverted  catenary  or  arch 
below  the  horizontal  extrados  (see  Fig.  264),  and  we  desire  to 
change  that  to  a  depth  =  y^,,  one  half,  one  third,  or  two  or  three 
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times  m,  it  is  only  necessary  to  alter  the  vertical  ordinates  of  each 
point  in  the  same  ratio,  and  the  resulting  curve  will  be  the  trans- 
formed catenary.  The  result  of  this  is  to  alter  all  vertical  forces 
in  the  same  ratio,  but  all  horizontal  forces  remain  the  same,  both 
in  the  common  and  the  transformed  curve.  It  is  suited  for  the 
support  of  any  load  whose  pressure  is  wholly  vertical,  and  whose 
extrados  is  either  a  horizontal  plane  or  another  transformed  cate- 
nary. 

The  common  or  true  catenary  differs  but  little  in  the  portions 
near  the  vertex  from  a  parabola,  which  for  many  practical  purposes 
may  be  used  for  it.  The  transformed  catenary  may  be  made  to 
approach  very  near  to  the  curve  of  a  circular  arc. 

(3)  If  the  load  is  of  uniform  intensity,  and  normal  at  every 
point,  the  curve  of  equilibrium  is  a  circle.  A  hollow  vertical 
cylinder  immersed  in  water  is  an  example  of  this  case,  or  a  hori- 
zontal semi-arch  immersed  at  a  great  depth  is  approximately  under 
this  condition. 

(4)  The  hydrostatic  arch  is  useful  in  practice  from  the  fact  that 
every  arch,  after  completion  and  the  removal  of  direct  support, 
such  as  is  provided  by  the  centring,  spreads,  or  tends  to  spread,  at 
the  haunches,  thereby  causing  a  horizontal  pressure  against  the 
backing  or  spandrel  filling,  the  reaction  of  which  will  keep  the 
arch  in  equilibrium  by  causing  the  intensity  of  the  horizontal  and 
vertical  pressure  at  each  point  to  be  equal,  which  is  the  condition 
of  equilibrium  of  the  hydrostatic  arch,  the  thrust  being  uniform 
through  this  arch. 

(5)  The  geostatic  or  elliptic  arches  are  to  be  used  where  the 
intensity  of  the  conjugate  pressure  is  either  greater  or  less  than 
the  vertical  intensity,  and  in  which  it  may  be  either  inclined  or 
horizontal. 

Many  semi-elliptic  arches  may  be  treated  as  if  they  were  hydro- 
static arches;  others  correspond  more  nearly  to  the  geostatic  arch. 


ART.  XLV. 

CONSTRUCTION  OF  MASONRY  ARCHES. 

$87.  The  effort  will  now  be  made  to  apply  to  the  actual  con- 
struction of  arches  the  preceding  principles,  and  to  explain  cer- 
tain other  conditions  that  follow  from  those  preceding;  also  the 
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manner  in  which  these  must  be  introduced  or  applied  in  order  that 
the  equilibrium  of  the  arch  may  be  secured. 

Whatever  may  be  the  form  of  the  curve  assumed  for  the 
intrados  of  the  arch,  the  direction  and  condition  of  the  loading, 
the  magnitude  and  directions  of  the  resulting  thrusts  at  the  crown, 
springing  and  any  other  point  between  the  two,  there  are  cer- 
tain general  principles  of  equilibrium  that  must  emstj  and  where 
the  primary  and  essential  conditions  of  equilibrium  between  the 
forces^  internal  and  external^  acting  upon  the  arch  do  not  exist 
(whether  the  external  forces  or  pressures  arise  from  the  natural 
conditions  in  which  the  arch  is  placed  and  surrounded,  or  as  a 
result  of  applying  known  or  predetermined  loads  or  pressures  at 
one  or  more  points  of  the  arch),  then  in  such  cases  equilibrium 
must  be  established  either  by  changing  the  form  of  the  arch  or  by 
applying  forces,  pressures,  or  tensions,  of  proper  magnitudes, 
directions,  and  points  of  application. 

With  the  ideal  linear  arch  these  secondary  or  applied  forces 
necessary  to  produce  equilibrium  may  or  can  be  determined,  by 
more  or  less  difficalt  mathematical  relations  and  equations,  with 
a  greater  or  less  degree  of  accuracy.  Their  determination  with 
respect  to  actual  arches  must  of  necessity  be  only  roughly  approxi- 
mate, and  as  usual  a  good  margin  of  safety  must  be  provided. 
Here  it  may  be  safely  stated  that  it  is  not  good  engineering  prac- 
tice, from  any  point  of  view,  to  construct  arches  with  the  minimum 
possible  of  depth  or  thickness  of  ring-stones. 

638.  Regardless  for  the  present  of  the  exact  form  of  curve 
adopted  for  th,e  intrados,  arches  may  be  divided  into  two  types :'(!) 
those  in  which  the  arch  springs  or  rises  vertically  from  its  abut- 
ment; (2)  those  in  which  the  arch  springs  obliquely,  or  in  which  a 
tangent  line  to  the  curve  at  the  springing  makes  an  acute  angle 
with  the  horizon. 

In  either  case  the  curve  at  the  crown  or  in  other  words  a  tan- 
gent to  the  curve  at  the  crown,  is  assumed  to  be  horizontal. 
Where  this  is  not  the  case  the  actual  curve  will  be  a  parallel  pro- 
jection of  the  former,  and  the  thrusts  or  applied  forces  will  be 
altered  in  the  same  ratio  in  which  the  ordinates  of  the  transformed 
curve  have  been  altered,  and  it  will  not  be  necessary  to  consider  fur- 
ther such  cases. 

689.  In  Fig.  266  is  shown  the  type  of  arch  in  which  it  springs 
vertically  from  the  abutments. 
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In  Fig.  267  is  shown  the  type  in  which  it  springs  obliquely 
from  the  abutments. 

Only  the  semi-arch  is  considered  in  each  case^  and  the  same 
definition  of  terms  apply  to  both. 

The  first  type  may  be  either  a  full  semicircular,  elliptic, 
hydrostatic,  or  geostatic  arch. 

The  second  may  be  a  portion  or  a  segment  of  a  circular,  ellipti- 
cal, or  geostatic  arch. 

B  DBF  IB  the  abutment;  KACBmLK,  the  semi-arch  ring;  AOB, 
the  soflSt  or  in  trades;  KLm  is  sometimes  called  the  extrados,  but 
not  in  the  sense  used  in  paragraph  620;  KbaA  is  one  half  of  the 
keystone,  which,  together  with  abed, .  .  .  ghlky  and  klmB,  are  called 
Tonssoirs;  ^  or  ^is  the  crown;  B  or  m,  the  springing  lines;  AO, 
the  rise;  BO,  the  half  span;  and  a  certain  distance  on  either  side 
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of  some  line  hg  in  the  two  drawings  are  the  haunches.  In  Fig.  266 
AO  =^  BO  =  rise  =  half-spa:n  =  radius  of  curvature  of  all  points 
of  the  soffit,  for  a  full  centre  or  semicircular  arch.  But  the  radius 
Taries  at  each  point  for  an  arch  of  any  other  curve.  In  Fig.  267 
the  rise,  half  span,  and  radius  of  curvature  vary  according  to  the 
curve  of  the  soffit,  and  the  length  of  the  arc  or  segment  of  the  arch. 
inB  is  called  the  skew- back  when  meaning  the  inclined  surface  from 
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which  the  arch  springs;  often  it  is  applied  to  the  block  Bmts  form- 
ing the  capstone  of  the  abutment  upon  which  the  arch  rests.  See 
Fig.  267. 

The  thrusts  at  the  crown  A,  springing  B,  and  any  intermedi- 
ate point  G  are  indicated  by  the  arrows,  and  called,  respectively,  T^, 
T^,  and  T;  the  angles  which  these  make  with  the  horizontal  are 
represented  by  the  letters  or,  a',  etc.  The  horizontal  components 
of  these  thrusts  are  T  cos  a,  T^  cos  a',  etc.  The  vertical  compo- 
nents are  T^  sin  a\;  T sin  a„  etc.  The  radial  lines  ahy  de,  Itg,  Ik; 
and  mB  are  the  joints.  The  backing  or  spandrel  filling  is  the  rough 
masonry  or  concrete  resting  above  the  abutment  and  arch-ring. 
The  spandrel-wall  is  built  over  and  flush  with  the  faces  or  ends  of 
the  arch  to  any  given  height;  intermediate  and  parallel  walls  are 
also  sometimes  built.  The  radius  of  curvature  at  the  crown  is 
commonly  the  radius  of  curvature  of  the  soffit,  more  properly,  how- 
ever, that  of  the  linear  arch;  to  this  the  curve  of  the  soffit  should 
approximately  conform,  which  should  be  confined  to  the  middle 
third  of  the  arch-ring.    The  remark  applies  to  any  other  point. 

840.  Cofiditions  of  Stability. — It  is  evident  that  arches  can 
fail  in  either  one  of  three  ways,  as  is  the  case  with  all  blockwork 
structures,  as  follows: 

(1)  By  rotating  of  one  portion  of  the  arch  on  another  around 
some  axis.  This  axis  may  be  either  at  some  point  as  ^  on  the 
intrados  or  h  on  the  extrados,  or,  as  is  usually  assumed,  at  some 
point  on  the  joint  between  the  intrados  and  the  extrados. 

(2)  By  sliding  on  some  joint,  as  gh. 

(3)  By  crushing  of  the  material  composing  the  arch -ring. 
641.  So  long  as  the  resultant  pressure  at  any  joint  pierces  the 

surface  of  the  joint  between  the  intrados  and  the  extrados  there 
could  be  no  rotation  either  around  an  axis  on  the  soffit  or  on  the 
extrados  if  the  material  of  which  the  arch-ring  is  composed  was 
incompressible;  but  to  provide  for  the  compressibility  of  the 
material,  it  is  necessary  that  the  resultant  should  not  pierce  the 
surface  of  any  joint  too  near  its  edges:  and  for  perfect  safety  it  is 
usual,  in  the  construction  of  arches,  to  control  the  direction  of  the 
pressure,  or  to  sufficiently  increase  the  depth  of  the  arch-ring  that 
this  point  shall  be  in  the  middle  third  of  the  joint.  When  this  is 
done  and  the  magnitude  of  the  resultant  pressure  does  not  produce 
an  intensity  of  stress  at  any  point  exceeding  a  safe  resistance  of 
the  material  to  crushing,  the  stability  will  be  secured.  The 
stability  against  sliding  is  assumed  to  be  secured,  for  as  a  general 
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mle  radial  joints  will  prevent  the  angle  between  the  resultant 
pressure  and  the  normal  to  the  joint  exceeding  the  angle  of  repose^ 
if  not  the  direction  of  the  joint  can  be  so  changed  that  this  condi* 
tion  will  be  fulfilled. 

842.  Joint  of  Rupture. — ^That  joint  at  which  the  tendency  to 
open  at  the  extrados  is  called  the  joint  of  rupture.  This  joint 
may  be  at  the  crown^  or  springing/ or  at  any  intermediate  point. 
Mr.  Bankine  defines  the  joint  of  rupture  as  the  point  of  the  arch 
where  the  conjugate  component  of  the  thrust  along  it  is  a  maxi- 
ma m.  This  definition  will  be  explained  and  better  understood 
later. 

642a.  Conjugate  Thrust.--^^  The  total  conjugate  thrust  of  an 
arch  is  the  conjugate  component^  horizontal  or  inclined,  as  the  case 
may  be,  of  the  entire  pressure  exerted  between  one  semi-arch  and 
its  abutment,  whether  directly  applied  at  the  point  from  which  the 
arch  springs,  or  above  that  point,  through  the  material  of  the  span- 
drel. 

(1)  *' When  a  linear  arch  is  of  such  a  figure  as  to  be  balanced 
under  a  load  of  which  the  pressure  is  wholly  vertical,  its  conjugate 
thrust  is  exerted  simply  at  the  point  from  which  it  springs,  and  is 
equal  to  the  conjugate  component  of  the  thrust  along  the  arch, 
which  is  a  constant  quantity  throughout  its  whole  extent."  This 
is  the  common  theory  of  constant  horizontal  thrust,  as  discussed 
later. 

•  (2)  When  an  areh  springs  vertically  from  its  abutment,  the 
point  of  springing  sustains  the  vertical  load  of  the  semi-arch  only, 
and  the  conjugate  thrust  is  exerted  wholly  through  the  spandrel. 

(3)  In  other  cases  the  conjugate  thrust  is  exerted  partly  at  the 
point  of  springing  and  partly  through  the  spandrel.  In  the  com- 
mon theories  of  the  arch,  conjugate  horizontal  components  of  the 
thrust  through  the  spandrel  are  not  considered. 

648.  If,  then,  in  Pig.  266,  the  crown  A  is  horizontal  and 
the  intensity  of  the  pressure  at  that  point  is  vertical,  we  find, 
from  paragraph  627,  that  the  horizontal  thrust  along  the  arch  at 
that  point  is  T^  =  Po^o  ^o  being  the  horizontal  thrust,  ^^  the  inten- 
sity of  the  vertical  loading  at  that  point,  and  r„  the  radius  of  cur- 
vature.   If  X  is  the  vertical  and  y  the  horizontal  co-ordinate  of  any 

point  O  in  the  arch,  then  cotan  a'  =  -^,  and  a'  =  arc  cot    ,-  is 

the  inclination  of  the  arch  at  O  to  the  horizon. 

Liet  Px  =  total  load  on  the  portion  of  the  arch  between  the  ori- 
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gin  or  crown  A  and  the  point  G.  If>  then^  at  C  we  draw  a  yertical 
line  =  Px9  and  a  line  T  tangent  to  the  curye,  completing  the  tri- 
angle of  f orceSy  we  find,  for  the  value  of  T, 

r==-r^=P«coseca'  =  Par~,     .    .     (423) 
sin  OL  (itC 

in  which  ds  denotes  the  increment  of  the  arc  AC. 
The  horizontal  component  of  T  is 

r  cos  a'  =  P    cotan  a'  =  P^^.      .     .      (424) 

It  is  evident  that  for  equilibrium  T^  must  be  equal  to  jT  cos  a'. 
If  it  is  not,  then  a  horizontal  pressure  must  be  applied  to  the  arch 
between  A  and  C,  which  will  make  up  the  difference,  in  order  to 
produce  equilibrium.  This  difference  must  be  applied  so  as  to  act 
inwardly  or  outwardly,  according  aA  T^  >  T  cos  a'  or  T^  <  T 
cos  «',  respectively.  This  difference  is  called  the  conjugate  pres- 
sure necessary  to  producee  quilibrium.     Galling  it  Py,  we  have 

Py^T,—  T  cos  a'  =T,  —  P^  cotan  a'  =  2;  -  P^.  (425) 

And  if  this  equation  be  fulfilled  for  every  point  of  the  arch  it 
will  be  stable  or  balanced. 

644.  \i  T^>  T  cos  a'y  then  Py  is  positive,  and  an  inward  press- 
ure must  be  applied  equal  to  the  difference.  If  we  find  a  joint  be- 
tween A  and  G  where  Py  =  0,  i.e.,  T^^  T  cos  or,  no  inward 
pressure  need  be  applied  between  that  point  and  the  crown.  Bat 
the  value  of  Py  will  be  positive  as  we  approach  the  springing  line 
By  at  which  point  T  cos  or'  =  0  and  Py  —  T^,  and  we  must  apply 
an  inward  conjugate  pressure  Py  equal  to  T^ ,  the  crown  thrust. 
This  is  provided  for  by  building  up  a  mass  of  rubble  masonry  or 
concrete  on  the  top  Fm  of  the  abutment,  which,  by  its  resistance 
to  compression,  supplies  the  requisite  conjugate  pressure  to  produce 
equilibrium;  or  the  form  of  the  arch  must  be  changed  to  a  curve 
which  would  be  in  equilibrium  under  the  loading  assumed,  and 
then  the  conjugate  component  of  the  thrust  would  be  constant  and 
equal  to  the  thrust  of  the  crown  down  to  the  springing,  the  con- 
jugate thrust  being  only  exerted  at  the  springing. 

646.  If,  on  the  contrary,  T  cos  or'  >  T^,  then  P„  in  eq.  (425)  be- 
comes negative,  and  an  outward  horizontal  pressure,  or,  more  con- 
veniently, a  tension  must  be  applied  in  order  to  produce  equilib- 
rium.   In  Fig.  26G  and  from  eq.  (425),  it  is  evident  that  Py  can  only 
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become  negatiye  at  some  point  not  very  far  from  the  crown;  and 
when  reliance  cannot  be  placed  on  the  adhesion  and  tenacity  of  the 
mortar,  iron  cramps,  bolts,  or  hoop-iron  should  be  nsed  to  fasten 
together  the  spandrel  masonry  and  the  arch-stones.  By  such  means 
stability  can  be  given  to  arches  whose  curve  does  not  correspond 
with  the  required  conditions  of  loading.  It  is  better  to  avoid  these 
negative  values  of  the  intensity  py  of  the  total  conjugate  pressure 

646.  It  can  be  shown  mathematically  (see  Rankine's  Applied 
Mechanics,  pages  200,  201,  and  202)  that  for  every  circular  linear 
arch  in  which  the  depth  of  the  loading  above  the  crown  is  less 
than  one  third  of  the  radius  there  will  be  negative  values  of  the 
intensity  py  at  and  near  the  crown,  showing  that  outward  horizontal 
pressure,  or  tension,  is  required  to  presene  equilibrium. 

In  all  such  cases  there  will  be  some  point  or  a  certain  value  for 
the  angle  a'  where  py  =  0.  It  is  evident  that  at  this  point  the 
conjugate  tension  Py  attains  a  negative  maximum;  and  from  eq. 
(425),  for  this  maximum  to  be  reached,  the  horizontal  component  of 
the  thrust  at  this  point,  T  cos  a',  must  attain  a  positive  maximum 
greater  than  T^.  The  exact  determination  of  this  point  can  only 
be  made  by  satisfying  a  transcendental  equation,  and  can  therefore 
only  be  determined  by  approximation  and  successive  substitutions. 

It  is  this  point,  or  where  the  angle  a'  satisfies  the  transcen- 
dental equation  referred  to  above,  where  the  intensity  py  is  nothing, 
or  where  the  conjugate  tension  —Py  is  a  maximum.  Below  this 
point  only  is  it  necessary  to  provide  a  conjugate  pressure  from  with- 
out by  the  construction  of  a  solid  backing,  whether  the  pressure  is 
exerted  all  the  way  down  through  the  spandrel  or  only  at  the  spring- 
ing. The  joint  at  which  py  is  zero,  or  where  the  conjugate 
component  of  the  thrust  is  h  maximum,  is  called  the  joint  or 
point  of  rupture. 

By  expanding  or  contracting  the  dimensions  of  a  circular  arch, 
it  can  be  transformed  into  an  elliptic  arch,  which  will  be  in  equi- 
librium under  the  forces  applied  to  the  circular  arch  in  the 
preceding  discussion. 

All  of  the  preceding  principles  and  equations  apply  to  the  seg- 
mental arch.  Fig.  267,  as  well  as  to  Fig.  266. 

647.  It  is  evident,  from  the  foregoing  discussion,  that  an  arch 
constructed  as  shown  in  Figs.  266  and  267  tends  to  fail  by  settling 
or  sinking  at  the  crown  and  spreading  outward  at  the  haunches,  or 
that  portion  of  the  arch  below  the  joint  of  rupture;  and,  witli  the 
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completed  arch  composed  of  its  two  halves  sapporting  each  other  at 
the  crown^  the  tendency  is  to  break  into  four  parts,  the  two  upper 
segments,  extending  from  the  crown  to  the  joint  of  rupture,  falling 
inwards  or  downwards,  opening  at  the  intrados  at  the  crown  and 
on  the  extrados  at  the  joint  of  rupture,  and  the  two  segments  of  the 
arch  below  the  joint  of  rupture,  revolving  outwards,  opening  on  the 
intrados  at  the  springing. 

This  mode  of  failing  is  characteristic  of  all  flat  or  segmental 
arches.  In  such  arches,  therefore,  it  is  necessary  to  carry  the  back- 
ing  up  to  or  above  the  highest  possible  position  of  the  joint  of  rup- 
ture, which  is  rarely  found  above  that  joint  which  makes  an  angle 
of  45°  with  the  horizon.  Above  this  point  it  is  generally  rounded 
off  to  the  crown,  as  indicated  in  Figs.  266  and  267. 

648.  In  pointed  arches,  the  conditions  are  just  reversed.  The 
tendency  is  for  the  two  upper  segments  to  rise,  opening  on  the  extra- 
dos at  the  crown,  on  the  intrados  at  the  joints  of  rupture,  and  for 
the  two  lower  segments  to  revolve  inwards,  opening  on  the  extrados 
at  the  springing.  Therefore  a  sufficient  weight  must  be  placed 
above  the  crown,  or  the  lower  segments  must  be  tied  to  a  spandrel 
backing. 

649.  The  exact  determination  of  the  position  of  the  joint  of 
rupture  is  difficult,  and  only  possible  by  a  succession  of  approxima- 
tions in  the  more  general  cases  of  arch  construction;  and  the  same 
remark  applies  to  the  determination  of  the  exact  distribution  of 
the  horizontal  conjugate  pressure  Py ,  that  is,  its  intensity  p^  at 
each  and  every  point  of  the  arch  for  any  given  condition  of  loading 
and  form  of  arch  adopted. 

Mr.  Rankine  states  that  the  joint  of  rupture  in  most  examples 
of  circular  arches  which  occur  in  practice  will  be  found  between 
those  joints  which  make  angles  of  35°  and  45°  with  the  horizon, 
and,  consequently,  if  the  backing  is  carried  up  to  that  joint  which 
makes  an  angle  of  45°  with  the  horizon,  its  height  will  be  sufficient 
to  insure  stability,  provided  that  portion  of  the  arch-ring  between 
this  point  and  the  crown,  which  may  be  left  for  a  time  unloaded, 
shall  be  stable  when  under  the  action  of  its  own  weight,  that  is,  the 
line  of  pressures  must  lie  within  the  limits  of  the  middle  third  of 
its  thickness;  and  he  gives  the  following  approximate  rule,  if  the 
thickness  of  the  arch  has  been  determined  upon  finally,  as  follows: 

Make  the  depth  of  the  lowest  point  of  the  extrados  of  the 
unloaded  portion  of  the  arc  below  its  highest  point  a  mean  propor- 
tion between  the  thickness  of  the  arch-ring  and  the  radius  of  the 
intrados. 
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If  X  is  this  depth  =  KTJy  Fig.  366,  assuming  the  backing  as  not 
extending  above  Z,  ^^the  thickness  of  the  arch-ring  =  Vy  r'  the 
radius  of  the  extrados  OK,  and  r  the  radius  of  the  intrados  AO^ 
then 


V  =  r'  —  T\    X—  V't'r  =  Vr'r  —  r\ 


(426) 


650.  In  order  to  obtain  a  clear  understanding  of  the  application 
of  the  preceding  principles  and  formulaB  it  will  be  necessary  to 


Oonjagate  Ooordlnate  riane 


divide  the  arch-ring  (Fig.  266)  from  the  joint  of  rupture  LO 
down  to  the  springing  line  or  joint  niB  into  a  series  of  voussoirs, 
80  that  a  horizontal  line  touching  any  joint,  as  LC,  at  its  intersec- 
tion with  the  soffit  will  touch  the  next  joint  below,  NQ,  at  its 
intersection  with  the  extrados;  and  similariy  for  the  other  joints, 
as  shown  in  Fig.  268.  Then  the  sum  of  the  vertical  projections  of 
the  surfaces  of  the  joints  will  form  a  continuous  surface  as  ot  sl 
length  perpendicular  to  the  plane  of  the  paper  of  unity,  or  for  con- 
venience call  it  the  line  as. 

At  the  joint  of  nipture  dC,  if  the  thrust  T  pierces  this  joint  at 
one  third  of  dC  from  C,  the  pressure  on  this  joint  at  the  outer  edge 
d  will  be  zero,  and  the  joint  will  be  on  the  point  of  opening  at  d  if, 
as  is  usual,  the  adhesion  and  tenacity  of  the  mortar  are  disregarded. 

T 
The  mean  intensity  of  the  pressure  on  the  joint  is  -^  its  least 
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value  is  zero  at  d,  its  maximum  is  --j-p  at  C.  The  horizontal  com- 
ponent  of  7^  is  T  cos  a.  This  is  distributed  over  the  vertical  sur- 
face ab;  its  mean  intensity  is r — ,  its  least  is  zero  at  a,  and 

...    27" cos  or    .  . 
its  greatest  is r —  at  o. 

If  at  this  joint  7^  cos  or  <  7\ ,  it  is  evident  that  there  will  be  an 
unbalanced  horizontal  force  equal  to  T^  —  T  cos  a^  and  rotation 
outward  of  the  portion  of  the  arch-ring  would  take  place  around 
some  axis.  This  must  then  be  balanced  by  the  application  of  a 
pressure  acting  from  without  to  within.  This  pressure  is  P^  =  T^ 
—  T  cos  a.  This  pressure  must  be  distributed  over  ah  in  exactly 
the  same  manner  that  T  cos  a  was  distributed,  that  is,  total  F^ 
must  be  directly  opposed  to  T  cos  a\  which  means  that  pyy  the 
intensity  of  Py  on  ahy  must  be  zero  at  a,  and  have  its  maximum 
value  at  ft,  which  shows  that  at  the  point  of  rupture  d  the  intensity 
of  the  conjugate  pressure  necessary  to  produce  equilibrium  must 
be  zero. 

At  the  joint  NQ  there  is  a  thrust  T'  and  a  horizontal  compo- 
nent T  cos  a'  of  different  amounts  from  those  at  rfCl  For  while 
V  may  be  greater,  V  cos  a'  may  be  less  than  the  corresponding 
pressures  at  dC;  and,  as  seen  from  the  position  of  the  line  of  press- 
ure cc,c,c, ,  etc.,  Cg  is  farther  from  Q  than  c,  is  from  (7.  Therefore 
the  intensity  of  the  pressure  at  N\a  greater  than  zero;  also,  V  cos  a' 
which  is  distributed  over  hd  in  some  manner,  will  have  a  sensible 
value  at  ft  greater  than  zero;  but  for  this  joint  P/  z=:  T^  —  T  cos  a\ 
which  is  the  conjugate  pressure  necessary  to  balance  the  unbalanced 
force  T^—  T  cos  a',  and  must  be  distributed  over  hd  in  the  same 
manner  that  V  cos  a'  is  distributed  over  ftrf.  Here  the  intensity  /)/ 
is  greater  than  zero  over  the  entire  surface  hd.  In  the  same  manner 
the  thrust  at  the  other  joints  below  should  be  treated.  We  note 
here  two  conditions:  (1)  that  for  each  joint  below  dC  and  including 
it  there  is  an  independent  value  for  the  conjugate  pressure  to  be 
supplied  from  without,  namely,  Py ,  P^',  Py'y  etc. ;  and  (2)  that  the 

P    P'  P  " 

intensities  of  these  pressures,  namely,  ~y  j^  '"^  ~  respectively 

Py  y  Py'f  Vy' y  ^re  all  positive,  except  for  the  least  intensity  p^  =  0  at 
the  one  point  d, 

651.  The  next  question  what  is  the  aggregate  of  all  of  these 
pressures  Py  +  Py  +  Py",  etc.,  that   must   be  applied   from  d 
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down  to  m\  or,  in  other  words,  what  is  the  resultant  conjugate 
pressure  P^  chat  must  be  applied  from  without  to  maintain  the 
arch  in  equilibrio.  It  is  evident  that,  so  far  as  equilibrium  is  con- 
cerned, we  might  consider  that  portion  of  the  arch  above  the  joint 
of  rupture,  from  d  to  K,  removed,  and  the  horizontal  component 
of  the  thrust  at  d  balanced,  and  balanced  alone,  by  the  sum  of 
the  externally  applied  pressures  Py  +  Py'  +  Py\  etc.,  =  Pyr ,  and 
this  sum  could  only  reach  its  maximum  value  where  the  intensity 
Py  is  zero.  Below  this  py  is  positive,  and  above  it  it  becomes  nega- 
tive. Therefore  the  conclusion  is  self-evident  that  the  aggregate 
of  these  conjugate  pressures  will  have  its  maximum  when  distrib- 
uted over  the  entire  surface  from  the  springing  to  the  joint  of  rup- 
ture dCy  at  which  point  the  horizontal  component  of  the  thrust 
H^  must  also  be  a  maximum,  and  also  the  intensity  of  the  conju- 
gate pressure  py  is  zero.  If  the  horizontal  component  of  the  thrust 
is  a  maximum  at  any  other  joint,  it  would  only  be  necessary  to  apply 
external  pressures  up  to  that  joint.  So  then  we  are  forced  to  the 
conclusion  that  the  point  of  maximum  horizontal  component  of 
the  thrust  in  an  arch-ring  is  the  joint  where  the  intensity  of  the 
externally  applied  force  necessary  to  produce  equilibrium  py  =  0, 
and  that  if  the  backing  is  built  up  to  that  joint,  equilibrium  and 
stability  would  be  absolutely  secured. 

652.  These  relations  can  be  expressed  algebraically  as  follows : 

X  yr  =  Py  ~T"  Py  Py  9  etc., 

.  =  jffj,  =  max  T  cos  a,  =  max  Px  cot  a  =  max  Px-^     .     (427) 

Ux 

for  the  total  amount  of  external  pressure  required  to  produce 
equilibrium,  Px  being  the  vertical  component  of  the  thrust,  or  the 
total  vertical  load  from  the  crown  to  that  joint  (the  joint  of  rup- 
ture) where  the  horizontal  component  of  the  thrust  is  a  maximum. 
The  intensity  of  the  conjugate  pressure  is  expressed  by 

_dPy  _         df      dy\ 

^^ "  "^ ""  "  dxV'^'dxr 

which  for  the  joint  of  rupture  becomes 

This  equation  when  solved  locates  the  point  of  rupture,  and  the 
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corresponding  value  Px  can  then  be  compnted,  which  sabstitated 
in  eq.  (427)  gives  H^ ;  and  where  the  conjngate  pressares  are  hori- 
zontal^  which  is  generally  the  case,  the  value  of  at  obtained  from 

cot  or  =  ;^  which  satisfies  the  eq.  (428)  is  called  the  angle  of  rup- 

tare,  being  the  angle  which  the  tangent  line  at  the  joint  of  rupture 

makes  with  the  horizon.     When  the  joint  of  rupture  is  at  the  crown, 

dti 
the  value  of  Fx  is  nothing,  and  cot  or  =  cot  0  =  ~  =  infinity. 

dx 

Eq.  (427)  gives  no  result,  but  in  such  cases  we  have  seen  that  the 
maximum  value  of 

H,^T,=p,r, (429) 

This  is  the  case  when  we  are  considering  the  hydrostatic,  geo- 
static,  or  circular  arch  under  uniform  normal  pressure. 

The  preceding  principles  and  relations  seem,  to  the  writer's 
mind,  to  be  entirely  satisfactory  and  conclusive  in  respect  to  that 
portion  of  the  arch  below  the  joint  of  rupture,  the  only  diffi- 
culty being  in  the  location  of  the  joint  of  rupture,  which  can  be 
accurately  determined  for  the  ideal  linear  arch,  but  will  vary  with 

W 

the  values  given  to  W,  x,  and  Y  in  the  equation  H  =  — ^,  which 

will  be  discussed  and  applied  in  a  subsequent  paragraph. 

653.  Theoretically  the  same  principles  are  applicable  to  that 
portion  of  the  arch  above  the  joint  of  ruffture.  As  we  have  passed 
the  point  of  maximum  horizontal  component  H^  of  the  thrust  in 
the  arch-ring,  where  the  intensity  p^  =  0  and  above  which  it 
becomes  negative,  it  is  evident  by  this  fact  alone  that  we  no 
longer  need  the  application  of  an  externally  applied  thrust,  but 
that  we  require  an  externally  applied  pull  or  tension,  as  an  out- 
ward thrust  or  pressure  is  impracticable  unless  supplied  by  some 
support  such  as  the  centring,  which  is  temporary  and  mast  be 
removed.  We  must  therefore  either  rely  upon  the  adhesion  of  the 
mortar,  or  use  iron  rods  or  cramps  between  the  masonry  of  the 
arch-ring  and  the  spandrel-walls  above,  and  only  that  portion  of 
these  walls  above  the  line  at  which  they  become  self-supporting  is 
available  for  the  purpose;  and  it  is  evident,  except  in  small  arches 
with  relatively  high  spandrels,  that  the  application  of  external  ten- 
sile supports  is  impracticable,  as  the  supporting  mass  must  be  itself 
reliably  self-fixed  and  permanent. 
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664.  The  condition,  then,  of  that  portion  of  the  arch  above  the 
joint  of  rapture  is  simply  as  follows:  It  rests  on  and  is  supported 
by  the  arch  and  its  backing  below  the  joint  of  rupture.    This  is 
assumed  to  be  rigid;  and  even  though  the  line  of  pressure  passes 
nearer  C  than  ^dC\  Fig.  268,  thereby  producing  an  actual  tension 
or  tendency  to  open  at  the  edge   d,  the   opening  or    rupture 
cannot  take  place  by  the  outward  rotation  of  the  arch-ring  below 
the  joint  dC:  therefore  the  arch  must  be  stable,  no  matter  how 
near  the  line  of  pressure  is  to  the  inner  edge  0  at  the  joint  of 
rupture  or  the  outer  edge  K  at  the  crown,  unless  by  compression 
or  actual  crushing,  near  C  or  Ky  the  material  of  the  arch-ring 
yields,  and  consequently  the  crown  sinks,  the  johit  dC  opening  at 
d  and  the  joint  KA  at  A  on  the  intrados.    The  practical  limita- 
tion to  this  increase  of  pressure  near  the  edges  K  and  C  is  that  its 
intensity  shall  not  exceed  the  safe  unit  resistance  of  the  material 
of  the  arch-ring,  which  commonly  is  taken  at  one  eighth  to  one 
tenth  the  ultimate  strength ;  or,  as  more  commonly  practised,  it  is 
considered  safe  to  so  limit  the  centres  of  pressure  at  the  crown  and 
joint  of  rupture,  as  well  as  at  intermediate  joints,  that  the  least 
pressure  shall  not  be  less  than  zero,  and  the  greatest  more  than  twice 
the  mean  pressure.     This  condition  requires  that  the  line  of  press- 
ure shall  not  be  nearer  the  extrados  K  at  the  crown  than  ^KAy  or 
nearer  the  intrados  C  at  the  joint  of  rupture  than  yiC;  or,  in  other 
words,  that  the  line  of  pressure  between  the  crown  and  the  joint  of 
rupture  shall  be  found  within  the  middle  third  of  the  arch-ring. 
And  if  twice  the  mean  intensity  at  any  joint,  which  is  the  maxi- 
mum pressure  that  can  exist  at  any  point  in  it,  is  less  than  a  per- 
fectly safe  resistance  of  the  material,  then  the  arch  will  be  stable. 
Mr.  Rankine  adopts  this  method  in  regard  to  the  portion  of  the  arch- 
ring  above  the  joint  of  rupture,  as  preferable  to  any  means  of 
tying  this  portion   of  the   arch   up   to  the    masonry   above    or 
obliquely  above,  while  not  abandoning  the  existence  or  activity  of 
horizontal  conjugate  pressures.    And  if  in  any  proposed  arch  we 
cannot  construct  the  line  of  pressure  entirely  within  the  middle 
third  of  the  arch-ring  above  the  joint  of  rupture,  the  thickness  of 
the  arch-ring  is  increased  until  the  line  does  lie  in  the  middle  third. 
Other  theories  will  be  explained  later. 

666.  In  this  connection  it  is  to  be  noted  that  when  the  arch 
springs  vertically  from  the  abutment  (Fig.  266)  the  value  of  Py ,  the 
conjugate  thrust  for  the  horizontal  springing  joint,  is  zero,  and  the 
resultant,  Pyr  =  P/  +Py  +  Py\  etc.,  =  i/„ ,  is  exerted  entirely 
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through  the  spandrel  backing  above  the  springing.  But  when,  ^i^ 
in  segmental  arches  (Fig,  267),  the  springing  Joint  is  inclined,  one 
of  the  conjugate  pressures  Py  is  exerted  through  the  abutment  and 
the  others  through  the  spandrel  above.  In  all  other  theories  this 
value  of  Pfi  at  the  springing  is  the  only  horizontal  thrust  recog- 
nized, and  is  taken  as  e<jual  to  the  aasnmed  thrust  at  the  crown,  no 
horizontal  conjugate  thrust  exerted  bj  the  backing  above  being 
considered,  which  involves  the  practical  iguoring  of  the  existence 
of  a  joint  of  rupture.  It  is  true  that  in  some  cases,  by  a  aeries  of 
arithmetical  calculations,  the  value  of  the  maximum  horizontal 
component  of  the  thrust  around  the  arch  is  determined,  which  of 
itself  locates  approximately  the  joint  of  rupture,  and  this  maii- 
mum  component  is  assumed  as  the  least  crown  thrust  consistent 
with  stability,  and  when  found  is  assumed  to  be  constant  through- 
out. 

666.  We  have  now  seen  the  manner  of  determining  the  total 
amount  of  the  externally  applied  pressure  exerted  by  the  masonry 
of  the  backing  below  the  joint  of  rupture,  including  that  comi>o- 
nent  exerted  through  the  abutment  at  the  -apringiug  joint,  and 
that  this  total,  the  resultant  of  which  we  bare  called  Pyr  ,  is  eqaal 
to  H, ,  the  maximum  horizontal  component  of  the  thrust  in  the 
arch-ring.  It  will  then  be  easy  to  find  an  equation  for  the  value 
of  P)/ ,  if  any  exists,  at  the  springing. 

If,  as  before,  p^  is  the  intensity  of  the  conjugate  pressure  at  any 
point  X  below  the  conjugate  co-ordinate  plane,  that  is,  the  plane  of 
the  surface,  supposed  to  be  horizontal,  of  the  water,  earth,  or  other 
material  over  the  arch,  then  p^x  is  the  pressure  on  any  elementary 
area;  and  if  x,  is  the  depth  of  the  joint  of  rupture  and  x,  of  the 
springing  below  the  same  plane,  then  the  total  conjugate  pressure 
which  is  exerted  between  the  depths  x,  and  x,,  not  including  the 

component  H,  =  the  P,  at  the  springing,  if  any,  will  be  f  p^^t 

which,  added  to  .ff,,  is  the  total  P^  =  H,.    Hence 

H,-\-J"p^x  =  H„    and    H,  =  H,  ~ fpydx,   .    (i30) 

which  gives  MkvA  horizontal  component,  if  any,  at  the  springing. 

Now  we  desire  to  find  the  point  of  application  of  the  resultant 
Pyr  =  fff  Taking  moments  of  the  three  horizontal  forces  or 
pressures  in  equation  (430),  with  respect  to  an  axis  in  the  conjugate 
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'CO-ordlnate  plane  from  which  x^  and  x^  are  measured,  and  calling 
the  distance  of  Fyr  or  its  equal  H^  below  this  plane  Xg,  we  have 


r  xpydx'y 


hence 


H^Xh  =  H^x^  +  /  xpydx\ 

H,x^  +  fxpydx 
H. 


^B=  rr^ (431) 


It  must  be  borne  in  mind  that  the  component  H^  is  applied  at 
the  joint  of  rupture,  and  is  only  used  for  Pyy,  which  is  applied  at 
^H  below  the  co-ordinate  plane,  for  convenience  and  because  the 
two  are  numerically  equal.  We  now  know  the  magnitude,  the  di- 
rection, and  the  point  of  application  of  the  resultant  of  the  conju- 
gate pressure  necessary  to  produce  equilibrium  below  the  joint  of 
rupture.     Therefore  the  pressure  is  completely  determined. 

667.  In  many  cases  the  position  of  the  joint  of  rupture,  the 
intensity  of  the  horizontal  conjugate  pressure,  and  the  point  of  ap- 
plication of  the  total  conjugate  pressure  can  be  determined  readily 
when  the  form  of  the  arch  and  the  character  of  the  external  load 
are  known.  In  other  cases,  however,  the  solution  of  the  problem 
algebraically  is  difficult  and  intricate.  For  these  cases  the  graphi- 
cal methods  are  preferred.  A  few  examples  will  further  elucidate 
the  foregoing  principles  and  equations. 

Example  /.•  Circular  Arch  under  Normal  Pressure  of  Uniform 
Intensity  p. — This  is  similar  to  fluid  pressure  in  having  the  inten- 
sity equal  in  all  directions  and  at  all  points  on  the  arch.  (See  par- 
agraphs 624,  625,  627,  636.) 

Since  the  pressure  is  normal  at  every  point  there  can  be  no  tan- 
gential components,  and  consequently  the  thrust  is  the  same  at  all 
points. 

T,=  T=H,^pr=p^r,,     ....     (432) 

since  both  the  radius  of  curvature  and  intensity  are  the  same  at  all 
points.  Also,  jf?ar  =/?!/=  i?.  The  point  of  maximum  horizontal 
component  is  evidently  at  the  crown,  since  the  crown  thrust  is 
equal  to  the  total  thrust  in  the  arch-ring  at  any  other  point,  and 
must  therefore  be  greater  than  any  component  of  that  thrust.    For 
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convenience,  take  the  horizontal  conjugate  plane  co-ordinate  tan- 
gent to  the  crown  of  the  ajrch :  then  x,,  the  distance  of  the  joint  of 
rupture,  which  is  at  the  crown,  below  that  plane,  ie  zero,  i.e.,  x^=0. 
There  will  be  two  cases, 

Case  1,  Full-centre  or  Semicircular  jlrcA.— r,  =  0;  ar,  =  r;  and 
since  the  arch  springs  vertically  from  the  abutment,  the  conjugate 
component  at  the  springing  is  zero.     Hence 

H,  =0;    Pyr  =  H,=  T„ 
and  equation  (431)  becomes 


That  is,  the  point  of  application  of  the  resultant  of  the  conjugate 
pressures  P^,-  ~  H,=  T^  is  at  a  point  half  way  between  the  crown 
and  the  springing,  and  is  exerted  entirely  through  the  backing 
from  crown  to  springing.     (See  Fig.  S6G.) 

Cane  2.  Segmental  Arch   (see  Fig.  267). — Inclination  at  the 
springing  =  a,;  x,  =  Q;  x,=r  —  r  cos  tr,  =  r(l  —  cos  a,). 

In  this  case  U,  has  a  value  equal  to 

r,  coe  or,  =^r  cofl  «,  =  i/',;    H,  =pr; 
and  Bubstitnting  in  equation  (431), 


S,x,  +  /  xpydx 


it  becomes 


x,pr  COB  tr,        /™'  =  '■(1  -  CO"  ">  xpdx  _  xj)r  cob  a,  +  jp^,* 
pr  Jp,  =  o  pr 


pr 

_  pr[r  COB  «,(!  —  cos  a,)      pr[r{l  —  cosg,)'] 
~  ^  "^  2pr 

=  r[coB  a,(l  —  COS  a,)  +  i(l  —  cob  a,)']  =  ^  sin'  a,.     .     (434) 

We  then  have  the  total  conjugate  prossure  Fyr=  ff,=  T^  =  pr: 

and  its  point  of  application  vertically  below  the  crown  =  s  Bin'  «,• 

The  horizontal  component  of  the  conjngate  pressure  at  the  spring- 
ing is  If,  =  If„  COB  a,  =  pr  cos  tr,.  The  thrust  in  the  arch-ring  is 
constant  throughout.    Joint  of  rupture  is  found  at  the  crown.    In 
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this  caae  a  part  of  the  conjugate  pressure  is  exerted  through  the 
spandrel,  and  a  part,  H^ ,  through  the  abutment  at  the  springing. 

Example  Il,—ll  by  transformation  the  circular  arch  be  con- 
verted into  the  elliptic  arch,  iii  which  vertical  ordinates  remain  the 
^me  while  the  horizontal  ordinates  are  altered  in  the  ratio  of  y, 
we  have  a  semi-elliptic  arch  under  conjugate  uniform  vertictil 
pressures  and  conjugate  uniform  horizontal  pressures  whose  inten- 

sitiea  have  the  ratio  of  y',  i.e.,  —  =  y*.     (See  equa.    (393),  para- 
graph 6S6.) 

Then  with  a  rise  r  =  r  =  2',  or  vertical  semi-axis,  and  a  hori- 
zontal semi-aiia  =  ya  =  yr;  If,  =  0,  since  the  arch  springs  ver- 
tically  from  its  abutment,  p^  =  y^Px-  The  total  crown-thrust  is 
the  horizontal  intensity  pi,  multiplied  by  the  rise,  that  is,  p^  = 
'ly'pr'-  and  since  the  total  vertical  pressure  and  thrust  at  the 
springing  are  equal  to  jP,,  the  total  horizontal  or  crown  thrust  is 
)'/*,  =  7",,  Hence  we  have  T,  =  yP,  =  p^fl  =  ay^pz.  The  masi- 
nmm  component  H,  is  at  the  crown  and  =  T,  =  ay'px.  Substi- 
tuting in  eq.  (431), 


/r,  =  a  pi,  =  a 


or  the  point  of  application  of  the  resultant  conjugate  pressure  is 
hi,  the  rise  below  the  crown.  This  would  doubtlessly  he  the  con- 
dition of  a  tunnel  lining  if  it  were  possible  to  believe  that  at  very 
great  depths  below  tJie  surface  the  pressure  is  due  to  the  total 
mass  of  earth  above,  as  in  snch  a  case  the  height  of  the  tunnel 
would  be  inconsiderable  as  compared  with  the  depth  below  the 
^■iirface,  and  consequently  it  would  be  au  inappreciable  error  to  con- 
sider the  intensity  of  the  conjugate  pressure  at  the  crown  and 
fimngiiig  to  be  the  same,  that  is,  a  conjugate  uniform  pressure 
from  crown  to  springing,  and  not  varying  with  the  depth  as  would 
be  the  case  when  the  pressure  height  is  limited,  as  will  be  seen  in 
the  discussion  of  tunnels. 

658.  In  the  precediug  examples  conditions  of  pressure  have 
lieen  assumed  that  rarely  exist  in  practice.  They  are  approximated 
to  in  those  cases  of  circular  arches  submerged  in  water  to  such  great 
depths  that  their  diameters  are  insignificant  as  compared  with 
tlicse  depths,  and  also,  as  already  stated,  in  the  case  with  elliptic 
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arches  imbedded  to  great  depths  in  a  masa  of  earth.  In  this  con- 
nection, an  interesting  example  of  a  tunnel-liuiug  is  the  Sydenham 
Tunnel,  Eog.;  it  was  of  horseshoe  or  elliptic  section,  constructed 
in  clay,  which  swelled  or  flowed  and  uever  reached  a  condition  of 
stability  until  the  walls  were  thickened  and  the  section  was  practi- 
cally converted  into  a  circle.  This  will  be  alluded  to  In  another 
paragraph. 

We  will  now  apply  the  principles  to  a  few  arches  under  loads  or 
presHurea  actually  occurring. 

Hydrostatic  Arch,  Example  lY. — In  this  form  of  arch  (see  Fig. 
365(a) ),  since  it  is  under  a  normal  pressure  but  of  varying  inten- 
sity, that  is,  under  actual  fluid  or  water  pressure,  it  is  evident  thai 
the  conjugate  co-ordinate  plane  must  be  above  and  not  touching 
the  crown,  as  in  the  preceding  ejiamples,  since  from  the  equation 

characteristic  of  this  arch,  xr  =  j-„r,  or  —  =  -',  if  x,  =  0,  r,  is  infi- 
nite. At  any  point  below  the  surface  in  a  fluid,  the  intensity  of 
the  pressure  is  the  same  in  every  direction,  and  equal  to  the  weight 
of  a  unit  of  Tolnnre  (i.e.,  w  =  weight  of  a  cubic  foot  of  water)  mul- 
tiplied by  the  depth  x'.  Then  p^=px  =  p  =  wx,  and  equation  (430) 
becomes,  since  //,  =  0, 


II,=    rkd.='^'-^^=T„      .     .     (435. 


as  the  crown-thrust  is  the  total  pressure  on  the  vertical  plane  AD. 
This  is  evident,  as  the  arch  springs  from  the  abutments  vertically, 
and  the  only  pressure  on  the  abutment  is  the  weight  of  the  water 
on  the  semi-arch  AB,  and  consequently  the  horizontal  component 
of  the  conjugate  thrust  H,  at  the  springing  B  is  zero,  and  the  con- 
jugate pressure  Pf^-  is  exerted  through  the  backing  or  spandrel 
above  the  springing.  The  intensity  py  is  positive  for  all  points 
between  the  crown  and  springing. 

Then  eqna.  (431)  becomes,  after  substituting  the  value  of  //, 
from  equa.  (435fl), 

which  corresponds  with  the  value  found  in  eqtia.  (354),  paragraph 
584  for  the  position  of  the  centre  of  pressure  on  a  plane  whose  upper 
edge  is  immersed  at  the  depth  x,  below  the  surface,  whether  in  water 
or  in  a  mass  of  earthy  material. 
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659.  Geoataiic  Arch,  Example  V. — Keferriiig  to  paragraph  632n, 
tf  we  first  construct  a  hydrostatic  arch,  in  which  the  normal  inten- 
sity of  the  load  or  vertical  pressure  is  ypx'  =  yw'x'  cos  j  (instead 
of  wx  as  in  the  preceding  example),  as  the  weight  of  a  unit  vol- 
ume  of  the  material  now  loading  the  arch  is  w  =  yv>'  cos  /  if  the 
conjugate  co-ordinate  plane  is  indined,  or  w  =  >'w'  if  it  is  hori- 
zontal; then,  as  in  the  hydrostatic  arch, 

Px=Pi^  =  v)x  =  yw'x'  cos  y  =  ypx'; 

If,=  T,  =  yp^  =  yfp^y, (437) 

the  thrust  at  all  poiuta  of  the  arch  being  the  same,  H^  (as  before) 
=  0,  and  a-^  having  the  same  value  as  in  equation  (4^6), 

But  if,  as  in  an  earth-mass,  the  intensity  of  the  conjugate 
thrust  is  not  equal  to  the  intensity  of  the  vertical  pressure  or  load 
at  any  given  point  below  the  surface,  though  bearing  a  fixed  ratio  to 
it,  say  y*,  so  that 

~,  =  y''   or  p„'  =  y'p>'  =  y'v}xcosj,    .    .    (438) 

then  the  hydrostatic  arch  would  not  be  the  proper  form  for 
■equilibrium.  But  if  we  transform  this  arch  so  that,  while  the  ver- 
tical co-ordinate  of  any  point  remains  the  same,  the  horizontal  or 
inclined  co-ordinate  of  the  new  arch  at  the  point  is  altered  in  the 
ratio  c,  then  x  =^  x'  and  y'  —  cy.  The  effect  will  be  simply  to  alter 
the  horizontal  pressures  in  the  same  ratio,  while  the  vertical  press- 
ures remain  the  same,  and  there  results  for  the  new  arch 

Pj  =  P,';    P„'  =  cPy; (439) 

.     (440) 
and  from  equation  (431), 


/   y'Pi'^^i''^      J    y'fox*  COS  jdx 


_  y*v)  cos  _;'    %  x*  -~  x' 
~  y'w  cos  _;"  3  x,'  —  x,' ' 


(441) 
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which  givea  the  poaition  of  the  conjugate  horizontal  resultant  pre;!* 
lire  at  the  eame  depth  as  iu  case  of  fluid  pressure.  See  also  Latiii 
Ties  for  Retaining- walls,  paragraph  584. 

660.  Seini-elHptic  Arch,  under  the  same  conditions  of  loading 
as  the  semi- circular  arch.  Example  III,  that  is,  with  conjugate  iitii 
form  and  horizontal  pressures,  is  simply  the  transformed  clrcttlin 
arch.     See  Fig.  264  (S  and  c),  in  which 

x,  =  AO  =  Afi  =  A,'0,  =  a, 

the  semi- vertical  diameter,  and  the  half  span  or  semi-horizonta 
diameter  ia  y,  =  0,  B,  or  0,B,  (as  the  case  may  be)  =  ca,  the  preis 
ure  being  normal  and  of  uniform  intensity. 

The  total  horizontal  thruat  =  U^—  T^  =  x,py  =  apy]  and  frou 
Pu'  =  y'P^, 

H  =■  T,-=  apg  =  y'apx  =  yPx, 

in  which  Pi  is  the  total  pressure  on  the  abutment  in  the  semi-iir 
cular  arch  =pr.  As  the  semi-elliptic  arch  springs  vertically  troir 
the  abutment,  the  vertical  pressure  is  the  only  one  at  that  poim 
=  cP^  and  //",  =  0,  as  there  is  no  conjugate  component  of  tb* 
tFhrnat  at  the  springing.     Then  equation  (431)  becomes 


r- 


H,  apu 


(i4s: 


In  those  cases  in  which  it  is  desired  to  substitute  the  elU|>ii( 
arch  for  the  hydrostatic  arch  or  the  geostatic,  the  same  equatimif 
may  be  used  for  most  practical  purposes.  To  be  more  exact,  hou- 
ever,  we  may  make  //,,  in  eqs.  (437 )-(440),  equal  to  yPx.  y  being  tin 
ratio  of  the  half  spans  of  the  elliptic  and  hydrostatic  arches  aiui 
/*j-  the  total  vertical  pressure  on  the  semi-hydroetatic  arch,  i.e.,  tin; 
total  vertical  pressure  on  either  abutment. 

It  is  to  be  noted  in  all  of  the  examples  that  the  joint  of  niptiire 
is  at  the  crown,  which  is  therefore  the  point  of  maximum  conjiigBtf 
thrust.  There  ia  consequently  an  outward  thrust  at  all  points  "i 
the  arch-ring,  which  at  any  point  is  equal  to  the  difference  betwefn 
the  thrust  T^  at  the  crown  and  the  conjugate  horizontal  compwie"' 
of  the  thrust  at  that  point  //,  =  T  cos  a',  which  diHerence  ia  P„  in 
all  of  tiie  foregoing  equations,  the  special  value  of  which  is  H,  for 
the  springing  line. 
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N^  is  lero  for  all  arches  which  spring  vertically  from  the  abut- 
ment. But  at  all  points  between  the  springiug  and  the  crown  the 
outward  iutenaity  of  pressure  is  an  active  force,  equal  and  opposed 
to  the  inward  positive  intensity  jw„,  which  represents  the  resistance 
of  the  backing  to  the  spreading  of  the  arch-ring.  This  total  re- 
sistauce  Pyr  is  never  negative;  consequently  the  ideal  linear  arch 
iiiusC  be  backed  up  from  the  spi-inging  to  the  level  of  the  crown. 
That  this  may  not  be  necessary  iu  actnal  masonry  arches  arises 
from  the  fact  that  the  adhesion  of  the  mortar  to  the  stone  or  the 
tenacity  of  the  mortar  in  the  joints  may  be,  and  is,  considerable 
with  good  cement  mortar,  and  it  may  be  in  many  cases  that  the 
backing  is  not  necessary,  or  at  any  rate  only  required  for  a  certain 
portion  of  its  height. 

It  is  evident  that  an  iron  rod  or  bar  passed  through  the  arch- 
Hug  at  the  two  points  on  either  side  of  the  crown,  indicated  by  the 
vulne  of  xji,  and  well  secured  on  the  extrados,  would  supply  the 
jilace  of  the  backing.  This  is  merely  mentioned  as  indicating  the 
kind  of  outward  thrust  that  must  be  resisted  in  order  to  secure 
equilibrium. 

It  is  wise,  however,  to  build  the  backing  to  the  highest  point 
•indicated  by  theory.  It  will  at  least  be  on  the  safe  side- 
How  far  the  preceding  principles  and  equations,  which  are  only 
strictly  applicable  to  the  ideal  linear  arch  under  assumed  conditions 
aud  intensities  of  loading,  are  modified  by  the  actual  loading 
weights  of  the  arch-ring  itself,  and  other  conditions  occurring  in 
actual  coustrnctions,  may  not  be  possible  to  determine. 

But  we  can  eonstnict  a  linear  arch  which  will  be  in  equilibrium 
under  the  assumed  conditions,  and  then  proportion  an  actual  de- 
sign of  the  arch-ring,  so  that  the  linear  arch  shall  be  at  all  points 
within  the  middle  third  of  the  thickness  of  the  actual  arch-ring, 
and  properly  back  it  up  with  masonry.  The  stability  of  the  actnal 
arch  will  be  secured,  provided  the  joints  are  so  arranged  that  the 
angle  which  the  tangent  line  to  the  linear  arch,  which  now  becomes 
the  line  of  pressure  of  the  actnal  arch,  at  any  joint  does  not  make 
an  angle  with  the  normal  to  the  joint  greater  than  the  angle  of  re- 
jjose  of  masonry  on  masonry;  and  if  the  intensity  of  the  thrust  on 
the  arch-ring  does  not  exceed  a  safe  limit,  say  one  tenth  of  the 
resistance  to  crushing  of  the  material,  we  may  conclude  that  the 
jirch  will  be  stable.  The  angle  between  the  resultant  pressure  and 
the  normal  at  any  joint  can  always  be  kept  within  safe  limits  by 
giving  a  proper  direction  to  the  joint  itself,  so  that  stability  of 
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frictiou  or  reBistance  to  sliding  can  always  be  secured.  Radiating 
joints  will  generally  secure  resistaQce  against  sliding.  If  it  is- 
fouud  that  resistance  to  crushing  is  not  secured,  the  thickness  or 
depth  of  the  arch-ring  must  be  increased  until  it  is,  the  effect  of 
which  will  be  to  give  greater  resistance  to  spreading  at  the  haunchts, 
and  rotating  around  any  axis  at  auy  joint,  or  the  tendency  to  open 
at  any  joint. 

In  the  following  applications  of  the  foregoing  principles  to  tlie 
construction  of  arches  the  resistance  to  sliding  or  crushing  will  be 
considered  as  provided  for,  except  where  specially  mentioned.  And 
only  safety  against  failure  by  rotation  or  opening  at  the  joints  is  t» 
be  provided. 

PRACTICAL   APPLICATIONS   OF  THE   FOREGOIKG    PRINCIPLES. 

681.  Let  il  be  required  (o  find  the  semi-horizontal  diameter  or 
axis  of  a  semi-elliptic  arch  suited  to  support  an  earthen  embank- 
vienl  carrying  on  its  vpper  horizontal  surface  a  railway  and  iU 
load,  and  alio  the  thickness  of  tlie  arch-ring. 

The  weights  of  the  arch-ring,  spandrel- walls,  and  backing,  of 
the  earthen  embankment  itself,  and  of  the  track  and  train-load  coti-, 
stitute  the  total  load.  The  preceding  principles  are  all  based  upon 
the  symmetrical  distribution  of  the  load  with  respect  to  a  verticiii 
plane  through  the  crown  and  the  asia  of  the  arch.  It  is  therefore 
necessary  to  assume  the  rolling  load  as  an  equivalent  uniform  loail 
extending  over  the  top  of  the  arch.  Also,  that  the  weight  of  tlie 
embankment  is  uniformly  distributed  over  the  length  and  span  of 
the  arch,  notwithstanding  the  spread  of  the  base  due  to  the  side 
slopes. 

To  arrive  at  and  properly  combine  the  above  three  loads  of 
train,  earth,  and  masonry  is  practically  impossible,  and  all  that  cau 
be  done  is  to  make  a  rough  approximation  by  considering  all  thret- 
to  have  heights  proportional  to  their  respective  specific  gravilies 
and  of  a  homogeneous  material.  To  arrive  at  the  proper  distribu- 
tion of  the  loads  the  length  of  the  arch  must  be  known.  This  will 
he  determined  by  the  width  of  the  emhankmeut  at  the  top,  the 
depth  to  the  crown  of  the  arch,  and  the  side  slopes. 

With  side  slopes  1^  to  1,  height  above  crown  z,  =  20  feet,  and 
top  width  14  feet,  the  width  at  base  or  length  of  arch  would  be  14 
+  GO  =  74  feet.  Then,  assuming  a  rolling  load  of  60O0  pounds 
per  foot  of  span  over  the  entire  length,  then  per  square  foot  of 
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=  SI  poimdB.     The   intensity  of  tlie 

pressure  of  the  eartli  on  the  arch  =  idj*,  =  100  x  20  =  2000  pounds. 
And  if  the  rise  of  the  arch  ie  x,  —  x^  =  a  =  IH  feet,  the  intenBity  of 
the  pressure  arising  from  the  weight  of  the  masonry,  with  un  aver- 
age of,  say,  6  feet  in  height  of  masonry  and  at  16U  pounds,  will  be 
160  X  S  =  1280  pounds.  Then  the  total  average  intensity  of  the 
load  will  be  2000  +  1280  +  81  =  3361,  or,  reducing  this  to  a  homo- 
geneous material  of  an  average  height  of  28  feet,  we  have  1-;^^  =1 

120  pounds  per  cubic  foot,  and  for  safety  assume  the  weight  per 
cubic  foot  to  be  150  pounds. 

According  to  the  theory  of  transformation  (paragraph  626)  we 
will  first  construct  a  hydrostatic  arch,  loaded  with  a  liquid,  whose 
weight  per  cubic  foot  bears  a  certain  predetermined  ratio  y  coaj 
(or  ff)  to  the  actual  weight  of  150  pounds,  i.e.,  w  =  yw'  coaj,  in 
which  j'  ia  the  angle  of  inclination  of  the  conjugate  co-ordiuate 
plane  (that  is,  the  upper  surface  of  the  material)  with  the  horizon. 
In  this  case  this  plane  ia  horizontal;  hence  /  =  0,  cos  _;'  =  1,  and 
m  =  yta'. 

For  reasons  which  will  now  be  apparent,  the  ratio  of  the  inten- 
sities of  the  principal  conjugate  pressures  of  the  material  assumed 

U3  pressing  on  the  arch  was  taken  =  ;'',  ie., —■  =  y',  which  be- 


comes   for    a  horizontal    upper    surface  ^-^  z_  ,    _      

'*  Vx        '        1  +  Bin  fl! 

1  -|-  sin  0 


y  =T 


le  discussion  of  the  theory  of  earth  pressure.)     Then 


1  —  sin  0' 

y  =  j/1  -  s'O  <t>  or  i/1  +  Bin  0 
.    ^  i  -H  sin  0        ' 

"^  "^   1  +  sin  0      ,  ^      ' 

N'ow,  assuming  a  hydrostatic  arch  loaded  with  this  kind  of  material, 
we  have  

''  ""'"'  =  ^i»,'  =  25-.     .     (444) 


,  j/l  —  sin  Q 


Then  construct  the  hydrostatic  arch,  having  the  following  data 
given:  Depth  of  the  crown  ^  belowthe  surface  .r,  =  20  feet;  depth 
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of  Bpringing'liDe  B  =  38  feet;  rise  of  arch  AD  =  a  =  i,  —  /,  = 
18  feet;  the  angle  of  repose  of  the  material  au  average,  for  enrth 
on  earth,  0  =  30°;  sin  0  =  0.5.     Then 

Px  =  Pt  —  w'x  ii^  =  0.b8w'j:;    W  =  w'i^^.  .     .     {Hi) 

As  was  seen  in  paragraph  634,  the  exact  determination  of  the 

semi-horizoatal  diameter  of  this  arch  cannot   be   found  without 

great    dilticulty;   therefore,  using  the  approximate  eq.  (420)  for 

this  semi-diameter  or  half  span. 


19 


,(^>  -  ^,)l' 


Snbetituting  the  above  values  of  x^  =  30  and  x,  =  38  feet,  then 

y,  =  ^  X  18  X  Vl9  =  21.3  feet. 

Then,  in  Pig.  269,  laying  off  the  diameter  or  span  =  42.4  feet  and 
the  rise  =  18  feet,  we  can  construct  the  hydrostatic  arch,  approxi- 
mately, by  using  three  centres  for  each  half.  Tlie  data  giveu  are 
x,  ~  20  feet;  a;,  =  38  feet;  x,—x,  =  a=18  feet,  the  rise;  y,=b  = 
31.2   feet,  the  half  span.     Then  the  radii  of  curvature  at  the  crown 

and  springing,  respectively,  are:  r,=  o-(l+  -J  =  23.7  feet  {nearly), 

and  }\  =  s-[l  +  J-,]  =14.5  feet  (nearly).  These  values  should  sat- 
isfy the  equation  «/,  =  x,r,.    A  closer  approximation  must  be  ob- 


tained by  alte-in?  some  of  the  above  values,  making  r,  =  25  and  r, 
=  13.2  feet;  then  38  X  13.2  =  25  X  20  =  500.  Take  on  AD  pro- 
lon^d  a  distance  AG  =  r^=:  25  feet,  and  on  BB'  a  distance  BC  = 
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13,2  feet  C  and  G  will  be  two  of  the  centres.  Tlieii  with  C  as  a 
centre  luid  a  radius  CF  =  AD  —  BC  =  4.8  feet  describe  aii  arc,  and 
with  G  as  a  centre  and  GD  =  7  feet  as  a  radius  describe  another 
arc  intersecting  the  first  at  F;  then  F  will  be  the  tliii-d  centre. 
AVith  the  centre  G  and  radius  AG  describe  AE,  from  F  describe 
KE,  and  from  C  describe  KB,  and  similarly  for  the  other  half  of 
the  arch  AE'K'B'. 

Then,  from  eq.  {435a), 


H.- 


(446) 


in  which  w  =  0.58  x  w'  =  0,68  X  150=  87  pounds,  x,  =  38,  and 
a-,  =  20;  hence  ZT,  =  T,  =  87  X  532  =  45,414  pounds.  The  point 
of  application  of  the  maximum  conjugate  thrust  7/.,  equal  and 
opposite  to  the  resultant  conjugate  pressure  P„r,  is  found  Irom  eq. 
(436). 

2  X     —  T 

^»=5»;7^-  =  '" ("■) 

662.  If,  then,  to  avoid  confusion  from  the  various  lines  of  con- 
struction, we  reproduce  the  curve  of  the  arch,  as  shown  in  Fig.  269, 
and  proceed  to  construct  an  elliptic  arch  by  transformation.  Fig. 
270,  80  that  for  each  point  the  vertical  co-ordinate  shall  remain  the 


Fio.  270 
same,  while  the  horizontal  co-ordinate  is  reduced  in  the  ratio  of 
r>  i-e-. 

x=x';    /  =  yy  =  y/^^;!°g  =  0.58y.    .     .     (448) 

Then  the  semi-horizontal  diameter  of  the  ellipse  will  be  0.58y  = 
a.bSBD  =  DB';  and  if  upon  the  semi-axes  AD  and  DB'  we  con- 
struct the  semi-ellipse  B'AB",  this  will  be  the  aemi-elliptical  linear 
arch,  which  will  be  stable  under  the  actual  pressures  assumed. 
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662a.  All  vertical  intensities  and  total  pressures  will  be  the  same 
as  in  the  hydrostatic  arch;  that  is,  the  total  vertical  pressure  at  the 
springing  cm-ried  by  the  abutment  on  either  side  =  28  X  87  X  21.S 
=  150  X  0.58  X  21.2  X  28  =  51,632  pounds  =  P,.  And  similarly 
for  the  general  value  of  the  vertical  pressure  from  the  crown  to  any 
point  whose  vertical  ordinate  is  a?,  i.e.,  Px  =  Px'  Theoretically,  iu 
the  hydrostatic  arch  the  total  vertical  pressure  on  the  semi-arch 
should  be  equal  to  P^  =  J',=  45,414  pounds.  Practically  it  will 
always  be  a  little  greater,  as  indicated  above.  The  above  value  of 
P^  is  based  only  on  an  estimated  average  depth  of  the  arch  below 
the  surface  =  28  feet,  and  DB'  =  0.58  X  21.2  =  12.3'. 

663.  But  the  horizontal  intensities  and  horizontal  total  thrusts 
at  any  point  will  be  altered  in  the  elliptic  arch  by  the  ratios  y^  or  y,, 
and  consequently,  in  the  case  considered,  where  the  horizontal 
co-ordinate  is  altered  in  the  ratio  y. 

Also,  for  the  vertical  and  conjugate  horizontal  pressures  in  the  ratio 
y,  we  have  for  the  elliptic  arch  the  thrust  at  the  crown 

=  T:  =  ff,'=  yPx=  y'W  '^—  =  i  X  150  X  522  =  26,100  Ibs.^ 

which  is  very  nearly  equal  to  0.587;=  0.58  X  45,414  =  26,340,  which 
corresponds  with  the  theory  of  transformation  of  linear  arches. 

The  point  o  f  application  of  the  resultant  of  the  total  pressure 
of  the  backing  necessary  to  produce  equilibrium  is  the  same  as  iu 
the  original  hydrostatic,  namely,  x^  =  30.5  feet. . 

From  eq.  (393)  it  is  seen  that  the  ratio  of  the  semi-axes  is  a» 
the  square  root  of  the  ratio  of  the  intensities  of  the  principal 
pressures,  that  is, 

AD        a       ^  px'' 
and  from  eq.  (443), 

y  =  V  T-T^^^~^  =  V^y    .-.  y  =  y  -  in  this  case. 
'^  1  -|-  sin  0  Px  3 

Hence 


^    px'         a       ^  1  +  sm  0       ^    3  ^ 
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In  words,  the  eemi-horizontal  diameter,  B'D  =  y',  of  the  ellipse 
B'AB",  Pig.  270,  mnst  not  be  leas  than  Vj  timea  the  semi-vertical 
diameter  AD  =  x,  —  x,  =  a,  i.e.,  y'  =  i  >  oVT-  In  this  case 
o  =  18  feet;  VJ  =  0.58;  .'.  aV^  =  10.44  feet.  The  actual  vaiu& 
Of  6  =  B'D  =  0.58  X  21.3  =  12.3  >  10.44.  Theoretically  6  could 
be  reduced  to  10.44  feet;  but  if  less  than  this  valae,  the  sides  of  the 
arch  would  be  forced  inwards  bj  the  external  conjugate  pressure. 

664.  With  the  crown-thrust  T/  =  26,100  pounds,  and  a  safe 
resistance  of  20,000  pounds  per  square  foot,  the  depth  of  the  key- 
stone shonld  be  ^  ^-  =  1.3  feet  or  16  inches.  Using  Trantwine's- 
empirical  formula,  depth  of  keystone  in  feet 


in  which  r  is  the  radius  of  a  circle  which  would  touch  the  arch  at. 

the  three  points  B',  A,  B";  r  =  ^^'^'  +jig!  ^  l-i^l+H'  =  13.2 

'^  2AD  2  X  18 

feet;  the  holt  span  =  12.3  feet. 

Rankine's  empirical  formula  is  depth  in  feet  =  f'0.12r,  in  which 
r  =  -T  =  26.4  feet  for  the  elliptic  arch.    Substituting,  we  have  for 

the  depth  of  keystone  d  =  1.79  feet  or  32  inches. 

It  is  not  necessary  in  small  arches  to  increase  the  thickness  of 
the  arch-ring  gradually  from  the  crown  to  the  springing  line,  but  it 
is  safest  to  do  so  in  most  cases.  The  total  vertical  pressure  on  the 
semi-arch,  which  is  supported  by  the  abutments  at  B'  and  B", 
wonld  certainly  be  not  less  than  7",  =  45,414  pounds,  and  may  be  aa 
mncb  as  /*,  =  51,633  pounds,  which  with  a  safe  resistmice  of  20,000 
pounds  per  square  foot  would  require  JJ  JJJ  =  3.58  feet,  or  about 
30^  inches.  This  is  doubtlessly  more  than  necessary;  an  increase 
of  from  i  to  i  would  be  ample  in  any  case. 

If,  then,  a  masonry  arch  be  built  aa  indicated  by  the  dotted 
lines  around  B'A  B",  the  arch  would  be  considered  stable. 

This  form  of  elliptic  arch  with  so  great  a  rise  as  compared  with 
the  half  span  is  more  common  in  tunnels  than  for  other  purposes. 

It  is  more  than  probable  that  no  greater  thrusts  will  exist  in 
arch-rings,  or  any  greater  thickness  of  the  arch  stones  will  be 
required,  when  the  depth  of  the  crown  is  more  than  from  20  to  40 
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feet  below  the  surface  of  the  ground  than  when  within  these  limits, 
even  for  a  wide  tunnel,  as  in  case  of  a  double  track;  as  in  ordinary 
firm  material  the  earth  would,  if  not  disturbed,  arch  itself  over  the 
masonry  lining,  and  the  portion  exerting  a  pressure  on  the  arch 
would  therefore  be  limited  in  height  to  not  more  than  above  stated. 
If  an  open  cut  is  made  in  which  a  masonry  tunnel  is  built,  and 
subsequently  filled  over  with  earth,  or  an  arch  filled  over  with  a 
liigh  embankment,  the  pressure  will  doubtlessly  be  due  to  a  much 
greater  depth  than  given  above,  temporarily  at  least. 

665.  In  the  preceding  example  the  horizontal  co-ordinate  y  was 
contracted  or  made  less  than  that  of  the  hydrostatic  arch.  The 
transformation  may,  however,  be  made  by  expanding  or  lengthening 
tlie  '^alues  of  y  for  the  hydrostatic  arch  B^AB^,  so  that 


^        ^  '^   1  —  sm  0      ^  ^   0.5      ^  ^  ^ 

hence  in  the  case  assumed 

y'  =  1.73y  =  1.73  X  21.3  =  36.68  feet. 

In  this  case  y  =  1^3,  y*  =  3,  and  then 

i//  =T/=yPa^  =  y'w'^'   7^'  =  3  X 150  X  522  =  234,900  pounds. 

At  20,000  pounds  resistance  per  square  foot  this  arch  would  have 
a  crown-thickness  of  llf  feet,  which  would  be  out  of  the  question. 
If,  however,  30,000  pounds,  be  allowed,  the  thickness  would  be  7.8 
feet,  which  is  certainly  greater  than  is  desirable. 

If  such  an  arch  is  only  about  4  feet  below  the  surface,  which  is 
often  the  case,  then  x^  =  4  and  a-,  =  22  feet.  Then  11/  =  T/  = 
3  X  150  X  234  =  105,300  pounds,  and  depth  of  arch-ring  at  crown 
equal  to  from  3  to  5  feet,  varying  with  the  allowed  unit-resistance. 
This  degree  of  expansion  or  lengthening  the  span  of  the  arch  is 
given  by  Mr.  Rankine's  theory  as  the  extreme  limit. 

666.  The  Little  Juniata  arch  bridge,  which  has  somewhat  the 
same  form  as  the  one  now  considered,  has  a  span  of  50  feet, 
rise  16.2  feet,  the  soffit  6  feet  below  base  of  rail.  The  soffit  is 
described  with  three  diflferent  radii,  respectively  38.67  feet,  20.65 
feet,  and  10.5  feet,  and  has  a  thickness  of  arch-ring  of  2  feet  4  inches 
from  crown  to  springing. 

667.  In  any  case  the  horizontal  thrust  at  the  crown  can  be 
determined  in  accordance  with  the  preceding  principles.    Whenever 
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the  pressure  ia  vertical  and  the  crown  of  the  arch  U  horizontal,  the 
coudition  of  the  arch  at  that  particular  point  is  that  of  a  normally 
pressed  arch;  the  intensity  of  the  pressure  being  the  vcight  of 
the  column  of  material  vertically  above  the  crown,  and  the  radius 
that  of  a  curve  parallel  to  the  soffit  at  the  crown  and  passing  through 
the  centre  of  pressure  at  the  crown,  assumed  as  at  1  foot  above  the 
soffit  in  the  following  eKampIes. 

Then  the  horizontal  thrust  will  be  T,  =  r,p,;  and  with  the  data 
given  in  paragraphs  661  to  665  we  have  for  the  true  hydrostatic 
arch  under  water-pressure  w  =  62i  pounds;  p,  =  wx,  =  eiij  x  2l> 
=  1250  pounds;  r,  =  26  feet;  T.  =  p,r,  =  32,200  pounds. 

For  the  hydrostatic  arch  subject  to  a  fluid  pressure  whose  weight 
feT  en  bio  foot  is  y  times  that  of  the  actual  earth  and  masonry  load. 
Then  for  y  =  i^,  w  =  yw'  =  0.58  X  150  =  87  pounds;  p^  =  87 
X  20  =  1740  pounds;  r,  =  26  feet;  T,  =  1740  X  36  =  45,240 
pounds. 

For  the  elliptic  arch  B'AB"  under  n  pressure  of  material  weigh- 
ing 150  pounds  per  cubic  foot,  p,  =  150  x  20  =  3000  pounds; 

r,  =  —  +  1  =  ^5^-  +  1  =  9.4  feet;  T,  =  3000  x  9.4  =  27,200- 
pound  s. 

For  the  elliptic  arch  B,AB„  p,  =  3000  pounds;  r,  = 1-  I 

_  (36-68).  ^  1  _  76  ((^t;  T,  =  3000  X  76  =  328,000  pounds. 

The  above  results  differ  but  slightly  from  the  corresponding 
values  determined  by  the  general  solutions  of  these  problems  in 
paragraphs  C61  to  665,  and  agree  as  nearly  as  could  be  expected  with 
the  approximate  value  of  the  dimensions  used. 

If  in  this  transformation  the  ratio  of  the  semi-horizontal  to 
the  semi-vertical  diameter  of  the  elliptic  arch  be  kept  within 
tlie  limits  ot  y  =  Vi  and  y  =  V3,  and  the  proper  thickness  be 
given  to  the  arch-ring,  then,  according  to  Ranliine's  theory  of 
earth-pressure  as  applied  to  the  construction  of  uudergroimd  arches 
and  tunnels,  the  stability  of  the  arch  will  be  secured  when  its  line  of 
prcssnre  remains  within  the  middle  third  of  the  arch-ring,  whether 
the  curve  of  the  soffit  is  elliptic  or  circular.  The  smaller  limit 
y=^^  is  of  ten,  if  not  generally,  used  in  the  construction  of  tunnels. 
It  should  never  be  less,  as  there  would  be  great  danger  of  the  sides 
being  pressed  inwards. 
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668.  Arches  and  arch-culverts  for  railways,  whether  under  low 
or  high  embankments,  are  usually  of  circular  sections,  and  when  of 
small  span  the  full  centre  or  semicircular  arch  is  used.  But  often 
for  want  of  height,  especially  with  long  spans,  it  is  desirable  to  use 
the  elliptic  arch  or  circular  segmental  arch,  in  which  the  rise  varies 
from  one  third  to  one  sixth  of  the  span,  instead  of  one  half,  as  in 
the  full  centre  arch.  It  is  evidently  unwise,  and  generally  unneces- 
sary, to  use  the  superior  ratio  y  =  4/3^ 

If  in  the  example  of  the  flat  arch  B^AB^  we  make  y  =  f'1.66 
=  1.25,  instead  of  1.75,  the  crown  thrust  would  be  T^"  =  98,000, 
and  a  thickness  of  arch-ring  at  the  crown  of  3.5  to  4  feet  would 
answer,  the  span  being  53.0  feet. 

In  the  Juniata  arch,  the  crown  of  which  is  only  6  feet  below 
the  surface,  the  crown  thrust  would  be  I{^=:  T^  =  40,000  pounds 
approximately,  which  would  call  for  a  depth  of  about  2.0  feet  for 
the  keystone,  the  actual  depth  being  2  feet  4  inches. 

669.  The  thickness  of  the  arch-rings  thus  far  given  are  for 
first-class  ashlar  masonry.  For  an  inferior  grade  of  masonry  or 
brickwork  it*Bhould  be  increased  by  one-fourth  part. 

The  preceding  examples  illustrate  the  mathematical  theory  of 
arches.  When  applied  to  the  full  centre  or  semicircular  arch  or 
the  icircular  segmental  arch,  as  shown  in  Figs.  266  and  267,  the 
principles  and  applications  of  it  are  the  same.  The  equations 
are  much  more  complicated  and  difficult  of  application.  The 
work  is  long  and  troublesome,  and  the  uncertainty  as  to  the 
accuracy  and  reliability  of  the  data  necessary,  and  consequently 
that  of  the  results,  has  made  engineers  look  with  disfavor  and 
distrust  upon  the  employment  of  mathematical  formulsd  for  the 
solution  of  problems  connected  with  the  practical  construction  of 
masonry  arches.  Much  labor  and  thought  has,  however,  been 
devote(i  to  the  true  theory  of  the  stability  of  arches,  but  mainly 
with  a  view  of  solving  the  problems  required  by  the  graphical 
methods. 

GRAPHICAL    METHODS. 

070.  In  all  of  the  graphical  methods,  except  the  one  used  by 
Bankine,  the  horizontal  thrust  is  assumed  to  be  constant  from 
springing-line  to  crown.  Its  magnitude  is  usually  found  by  con- 
sidering the  half  arch  as  acted  upon  by  only  three  forces,  namely, 
(1)  the  horizontal  thrust  at  the  crown,  (2)  the  vertical  or  inclined 
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thrust  at  the  spriu^ng,  and  (3)  the  entire  weight  of  the  Bemi-«rch, 
including  the  weight  of  the  arch-ring,  the  backing,  and  any  load 
fixed  or  moving  (reduced  to  its  equivalent  uniform  load),  such  aa 
the  earth  above,  the  weight  of  trains,  etc.  Referring  to  Figs.  366, 
267,  these  three  forces  are  indicated  by  7", ,  I", ,  and  W;  the  points 
of  application  T,  and  7\  are  assumed  at  different  points  between 
A  and  ^and  jtfand  B,  respectively;  and  the  line  of  action  of  tf'is 
to  pass  through  the  centre  of  gravity  of  the  aggregated  weights 
above — a  point  difficult  to  determine.  All  three  points  of  application 
are  therefore  arbitrarily  assumed  or  approximated  to  within  certain 
limits.  Theo  moments  are  taken  about  the  point  of  application  of 
7\  or  7", ,  the  position  and  magnitude  of  W  being  known.  To  find 
the  value  of  T^  the  axis  of  moments  is  taken  at  r,  the  point  of  appli- 
cation of  T,.  Then  calling  the  lever-arm  of  7",  with  respect  to  the 
assumed  Alia  x,  and  that  of  W  as  y,  we  have  only  two  active  mo- 
ments, which  for  equilibrium  must  be  equal.     Hence 

T,x  =  W^;    .-.  7;=i^ (451) 

If  1/  is  taken  as  one  fourth  the  span,  or  ^ro,  and  x  is  taken  as 
the  rise  os  in  Fig.  3C6,  and  equal  to  sz'  in  Fig,  367,  we  have  approi- 

imately  T,  =  -^ ,  a  and  b  being  respectively  the  rise  and  half -span. 

Applying  this  to  the  semi-elliptic  arch.  Fig.  270,  B'AB",  and  em- 
the  data  used  in  the  example  paragraphs  G63  and  667,  b  =  13,3  -^ 
1  =  13.3,  n  =  18  -f-  1  =  10,  and  maximum  possible  W=P,=  150 
X  12.3  X  38  =  70,110  pouuds.  These  values  substituted  give  T, 
=  24,538  pounds,  which  agrees  approximately  with  the  value-of  1\ 
in  the  elliptic  arch. 

It  is  evident  that  W,  7",  and  7",  will  vary  materially  with  the 
points  of  application  of  7",  and  with  the  nearness  of  the  approxi- 
mation in  finding  the  magnitude  of  II',  the  position  of  its  centre 
of  gravity. 

In  Rankine's  method  the  above  conditions  are  only  used  for  that 
portion  of  the  arch  between  the  joint  of  rupture  and  the  crown. 

The  relation   T.  =  ~  will  be  further  discussed   in  another 

X 

paragraph. 

671,  The  following  is  an  outline  of  Bankiue's  graphical  method 
of  determining  the  joint  of  rupture  and  thrusts  at  crown  and  other 

points,  and  the  conditions  upon  which  stability  will  be  secured. 
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First,  however^  a  few  remarks  on  some  of  the  many  theories 
will  be  appropriate.  Examining  the  above  equation  in  connection 
with  Figs.  266  and  267,  it  will  be  observed  that  every  different 
value  of  y  or  x  will  give  a  different  value  for  T^ ,  W  remaining  the 
same;  and  in  order  to  maintain  the  equality,  if  7\  varies  either 
a:  or  y  or  both  must  likewise  vary.  We  could  therefore  construct 
any  number  of  lines  of  resistance. 

Hence  the  problem  is  to  determine  which  of  the  infinite  num- 
ber of  lines  of  resistance  is  the  true  one ;  to  do  this  many  hypoth- 
eses have  been  made. 

(1)  TJieory  of  Least  Resistance, — That  the  true  line  of  resist- 
ance is  the  one  which  gives  the  least  absolute  pressure  at  any  joint; 
or  in  other  words,  of  the  lines  of  resistance  that  is  the  true. one 
which  gives  the  least  crown  thrust  T^  consistent  with  equilibrium. 

(2)  Winkler's  Hypothesis. — In  this  hypothesis  it  is  assumed  that 
'^  for  an  arch-ring  of  constant  cross-section  that  line  of  resistance 
will  be  the  true  one  which  lies  nearest  to  the  axis  of  the  arch-ring, 
as  determined  by  the  method  of  least  squares.^' 

(3)  Xavier's  Pri?icijjle,  which  is  as  follows:  The  condition  of 
an  arch  of  any  form  at  any  point  where  the  pressure  is  normal  is 
similar  to  that  of  a  circular  rib  of  the  same  curvature  under  a 
normal  pressure  of  the  same  intensity;  hence  the  thrust  at  any 
normally  pressed  point  of  a  linear  arch  is  the  product  of  the  radius 
of  curvature  by  the  intensity  of  the  pressure  at  that  point.  It  is 
to  be  noted  that  this  principle  is  adopted  and  followed  by  Rankine. 

Mr.  Rankine  does  not  undertake  to  determine  the  exact  poiut 
of  application  of  the  thrust  at  the. crown  or  the  true  position  of 
the  line  of  resistance,  but  states  that  if  the  line  of  resistance  is 
found  within  the  width  of  the  middle  third  of  the  arch-ring,  the 
stability  of  the  arch  is  assured.  And  in  fact  he  limits  the  appli- 
cation of  this  rule  to  thj^t  portion  of  the  arch-ring  between  the 
crown  and  the  two  joints  of  rupture,  one  on  each  side  of  the  crown. 
His  method  is  as  follows. 

672.  Given  a  linear  arch  or  rib  of  any  figure,  Acc'c",  under  a 
vertical  load  distributed  in  any  manner,  it  is  always  possible  to 
determine  a  system  of  horizontal  or  sloping  pressures  which,  bein^ 
applied  to  that  rib,  will  keep  it  in  equilibrio.  These  may  be  called 
the  conjugate  pressures;  they  are  assumed  to  be  horizontal,  and  the 
load  is  assumed  to  be  symmetrically  distributed  on  each  side  of  the 
crown  of  the  arch. 

In  Fig.  27  J  (a)  let  ADcc'c"  be  any  linear  arch.     The  thrust  at 
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the  crown  must  be  determined  by  the  eqimtion  T,  =  pj,.  Then 
from  any  point  o.  Fig.  2.  1(b),  draw  a  vertical  line  ob  to  represent 
tiie  line  of  loatls,  and  a  horizontal  line  oa  to  represent,  to  any  scale, 
the  calculated  horizontal  thrust  at  the  crown  'i\.  On  the  line  of 
loads  'lb  lay  off  to  the  same  scale  distances  oh,  oh',  oh",  etc.,  to 
represent  the  loads  from  the  crown  down  to  the  points  c,  c',  and  c" 
respectively.  Also  from  o  draw  lines  oc,  oc',  etc.,  parallel  to  the 
curve  of  the  arch  at  those  same  points.  Then  draw  the  hor- 
izontal lines  from  h,  h',  etc.,  to  intersection  with  these  oblique  lines 
at  the  (wints  c,  c',  etc.,  respectively.  A  curve  drawn  through 
the  points  v,  c',  and  a  will  be  the  locus  for  the  ends  of  the  lines 


representing  the  thrusts  at  any  points  of  the  arch.  The  more 
numerous  and  the  closer  together  the  points  c,  c',  etc.,  in  Fig. 
271(a),  and  the  corresponding  lines  oc,  oc',  etc.,  in  Fig.  2T1(b),  the 
more  accurately  can  the  line  c,c',  .  .  .  a  be  drawn.  In  Fig.  271(it) 
the  limiting  curve  starting  at  a  ^eis  farther  and  farther  from  the 
vertical  line  up  to  some  point  d,  where  the  horizontal  distance  kd 
is  a  maximum,  and  then  it  begins  to  draw  nearer  and  nearer  to  the 
vertical  line  near  h.  It  will  not,  however,  reach  or  intersect  the 
vertical-oS  until  the  tangent  to  the  curve  of  the  arch  becomes  ver- 
tical, which  can  only  be  the  case  when  the  arch  springs  vertically 
from  its  abutments,  as  at  c".  Fig.  2~1(a),  in  which  case  the  verticiil 
oA"  is  equal  to  the  entire  weight  from  jI  down  to;".  Any  line, 
then,  in  the  diiigram  of  forces  Fig.  2T1(b)  radiating  from  o  and  ter- 
minating in  the  limitimg  curve  will  represent  the  thrust  at  that 
point  of  the  arch  at  which  a  tangent  line  to  the  curve  of  the  arch 
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is  parallel  to  the  radiating  line  iu  question.  If  we  take  the  radiating 
line  oe.  Fig.  271(b),  and  find  the  point  on  the  arch-rib,  Fig.  271(a), 
at  which  the  tangent  line  is  parallel  to  oe,  then  oe  will  represent  the 
thrust  in  pounds  or  tons.  If  a  scale  of  20,000  pounds  to  the  inch 
has  been  adopted  for  the  scale  of  loads,  and  oe  measures  1^^  inches, 
then  the  thrust  at  this  point  will  be  30,000  pounds.  The  horizon- 
tal k'e  will  be  the  horizontal  component  of  this  thrust,  and  the  ver- 
tical ok'  will  be  the  load  between  the  crown  A  and  the  point,  and 
similarly  for  any  other  point  on  the  arch-rib. 

It  is  evident  that  there  is  some  point  corresponding  to  a  maxi- 
mum horizontal  thrust.  This  point  is  found  by  locating  that  point 
on  the  limiting  curve.  Fig.  271(b),  farthest  from  the  vertical  ob. 
This  point  is  at  d;  Jed  is  the  horizontal  component  of  the  thrust,  0(/ 
the  thrust  itself,  and  ok  the  vertical  load  from  the  crown  to  that 
point.  Now  find  on  the  curve.  Fig.  271(a),  the  point  D  at  which 
the  tangent  line  is  parallel  to  od,  Fig.  271(b);  then  D  is  the  point 
of  maximum  horizontal  thrust,  and,  is  by  the  principles  of  para- 
graphs 650  to  652,  the  point  or  joint  of  rupture,  and  the  angle  of 
rupture  is  the  angle  doa  which  the  thrust  or  tangent  line  makes 
with  the  horizon.  This  horizontal  component  Ho  of  the  thrust  is 
equal  to  the  maximum  total  conjugate  pressure  Pyr  of  eq.  (427) 
exerted  through  the  spandrel,  between  the  joint  of  rupture  and  the 
springing,  and  whose  i^oint  of  application  is  the  xu  of  eqs.  (433) 
to  (436)  and  (441),  (442). 

To  supply  this  conjugate  pressure  and  maintain  the  equilibrium 
of  the  arch  the  backing  must  be  built  up  solid  to  the  horizontal 
line  FD\  passing  through  the  joint  of  rupture  D, 

673.  We  have  now  found  the  horizontal  thrust  at  the  crown; 
the  horizontal  component  of  the  conjugate  thrust  at  any  point  of 
the  arch-rib;  the  maximum  horizontal  thrust,  that  is,  maximum 
H  —  H^=.  maximum  total  Py,-;  the  position  of  .the  joint  of  rupture, 
and  the  inclination  of  the  tangent  at  that  point  of  the  rib  which  is 
the  angle  a  in  eq.  (427),  paragraph  652.  It  only  remains  to  find  the 
mean  intensity  of  the  horizontal  pressure  in  any  thin  layer  of  the 
spandrel.  If  we  assume  the  points  6*,  and  c\  Figs.  271(b)  and  (a), 
to  be  very  close  together,  so  that  while  the  co-ordinates  of  c^  are  % 
and  y,  those  of  c'  will  be  x-^-  dx  and  y  '\-dy  (dx  being  the  thick- 
ness of  the  layer  of  the  spandrel  BE'  in  question),  then  in  Fig. 
271(b)  the  thrusts  at  c'  and  c,  of  the  arch-rib  ars  the  radiating 
lines  oc'  and  oc,.  The  horizontal  components  of  these  thrusts  are 
!£'  and  JI^,  represented  by  h'c'  and  7//^ ;    hence  h^c^  —  AV  = 
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B^  —  H'  =  —  dHia  the  horizontal  preesure  to  be  exerted  through 
the  layer  c'E'Ec^ ,  Fig.  371(a),  and  the  iateiisity  of  this  pressure 

is  p^;  hence  p^x  =  —  dH,  and  pi,=  —  --j-  —  —  -    \P-t-\    The 

determination  of  this  intensity  at  any  point  between  D  and  c",  or 
between  D  and  A,  the  crown,  enables  us  to  determine  the  kind  and 
direction  of  pressure  to  be  snpplied  from  without  by  compres- 
sion or  by  tension.  The  negative  sign  is  prefixed  to  dH  simply 
to  indicate  that  if  the  horizontal  lines  diminish  in  going  downward 
(that  is,  the  general  symbol  ^)  as  it  does  from  the  point  d  to  a 
[see  Fig.  371(b)],  then  pressure  from  without  must  be  supplied ;  that 
is,  masonry  bacicing  must  be  built  from  c"  to  the  horizontal  line 
D'F  to  resist  the  tendency  of  the  haunches  to  spread  or  revolve 
outwards.  If,  on  the  contrary,  //  increases  on  going  downward,  or 
-diminishes  on  going  upward,  as  between  the  points  d  and  h",  then 
tension  must  be  supplied  from  without  (or  pressure  from  within). 
In  other  words,  the  arch-ring  from  D  \.fi  A  in  Fig.  371(a)  must  be 
tied  to  the  spandrel  above  by  bolts  unless  the  adhesion  and  tenacity 
of  the  mortar  can  be  relied  npon  to  hold  that  portion  of  the  arch- 
ring  from  sinking.  The  pressure  from  within  can  only  be  supplied 
by  direct  support,  which  is  the  case  so  long  as  the  centring  remains 
in  position;  but  almost  invariably  on  removing  the  centres  the  arch 
settles  more  or  less  at  the  crown,  and  unless  the  proper  form  is 
given  to  the  curve  of  the  soffit,  or  the  arch-ring  has  a  sufficient 
thickness  or  depth,  the  extent  of  the  settling  will  be  to  endanger 
the  stability  of  the  arch.  Ordinarily  a  sinking  of  from  1  to  3  or  4 
inches  will  not  indicate  insufficiency  of  strength. 

674.  The  algebraic  equations  and  relations  of  the  above  solution 
^re  the  following : 

Horizontal  thrust  at  the  crown  ?",  =  ^,r, (453) 

Total  horizontal  pressure  exerted  on  that  portion  of  the  arch 
below  any  point  C 

=:H=P-^    =Pcotan«.   ....     (453) 

The  thmst  on  the  arch-ring  at  any  point  T 

=  VM' +  F' =  P  coeec  a.   ....     (454) 
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The  intensity  of  the  horizontal  pressure  to  be  exerted  through 
any  layer  of  the  spandrel 


Vy 


ax  dA    ~dj ^  ^'^' 


In  these  equations  p^  is  the  vertical  pressure  on  a  unit  of  area  at 
the  crown,  i\  the  radius  of  curvature  at  the  crown,  P  the  total  ver- 
tical load  between  the  crown  and  any  point  C,  a  the  angle  which 
the  tangent  line  to  the  arch-rib  at  the  point  makes  with  the  horizon 
=  c'oa,  coa,  or  eoa,  etc.,  and  a^  the  angle  doa  of  the  tangent  line  or 
its  parallel  at  the  joint  of  rupture.  All  of  these  equations  have 
been  fully  discussed  in  paragraphs  64'2,  643,  644,  etc.,  to  652. 

Having  found  as  above  the  position  of  the  joint  of  rupture  and 
insured  the  stability  of  that  portion  of  the  arch  by  the  masonry 
backing,  or  if  it  is  desirable  to  find  the  point  d.  Fig.  271(5),  more 
accurately  than  by  scaling  from  the  limiting  curve  for  thrusts,  a 
number  of  the  values  of  H  from  eq.  (453)  can  be  calculated.  Then 
between  the  maximum  value  of  H  thus  obtained  and  the  next 
values  on  either  side  introduce  other  lines  of  thrust,  calcuhite 
another  series  of  values  for  //,  and  take  the  maximum  of  this  series. 
If  this  is  not  close  enough,  take  this  maximum  value  and  the  nest 
on  either  side,  introducing  thrust-lines  still  closer  together.  The 
last  maximum  obtained  will  correspond  with  the  joint  of  rupture, 
and  the  radiating  line  od,  corresponding  to  this  maximum  H^  rep- 
resented by  kd,  will  be  parallel  to  the  tangent  at  the  joint  of  rup- 
ture. Finding  this  point  D  on  the  arch-ring,  the  joint  of  rupture 
is  located. 

Or,  again,  if  the  relations  between  P,  x,  and  y  can  be  expressed 
by  equations,  substitute  these  in  eq.  (455),  making  p^f  =  0,  and 
solving,  we  find  the  position  of  D  and  the  values  a^  and  H,. 
There  would  generally  be  two  roots  to  this  equation,  one  of  which 
corresponds  to  the  crown  of  the  arch,  the  other  to  the  point  D, 
i.e.,  the  joint  of  rupture.  These  can  be  easily  distinguished  from 
each  other.  If  there  is  only  one  root,  it  corresponds  to  the  crown 
of  the  arch,  which  would  be  the  case  in  the  hydrostatic  arch. 

675.  In  whatever  manner  the  joint  of  rupture  may  have  been 
found,  that  portion  of  the  arch  from  that  joint  to  the  springing-line 
of  the  arch  is  kept  in  equilibrium  by  the  lateral  pressure,  Pyr  =  ^,» 
between  the  arch  and  its  spandrel  and  abutment.  The  line  of 
pressure  will  be  a  curve  similar  to  the  linear  arch,  which  should 
also  be  .pai'allel  to  the  intrados  of  the  arch.  The  thickness  of  the 
ring  should  then  be  proportioned  to  the  inclined  thrasts  at  the 
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various  joints  of  the  arch.  It  is  in  reference  to  that  portion  of  the 
arch  (see  Fig.  271(A))  between  D,  the  joint  of  rupture,  and  the  crown 
A  that  Mr.  Hankine  is  charged  with  a  failure  to  sustain  and  apply 
his  theory,  abandoning,  as  is  charged,  "  the  principal  characteristic 
of  his  theory,  viz.,  the  recognition  of  the  horizontal  components  of 
the  external  forces,  etc."  (See  note  to  Baker's  "  Masonry  Construc- 
tion," page  490.) 

To  the  writer's  mind  there  is  no  inconsistency  or  abandonment 
of  principles.  As  seen  above,  Mr.  Rankine  has  fully  provided  for 
the  portion  of  the  arch  above  the  joint  of  rupture  by  iron  bolts, 
bars,  or  clamps;  when  these  are  necessary  will  be  indicated  by  the 
change  of  sign  from  positive  to  negative  in  the  value  of  the  inten- 
sity of  the  horizontal  or  conjugate  pressure  pv;  and  while  he  states 
that  the  linear  arch  is  limited  to  cases  in  which  equilibrium  is 
secured  solely  by  pressures  from  without,  in  other  words,  where  py 
has  no  negative  values,  that  the  relations  between  the  form  of  the 
arch  and  the  external  loads  or  forces  are  such  that  the  joint  of  rup- 
ture is  at  the  crown :  for  the  value  of  pp  is  zero  at  the  joint  of  rup- 
ture, and  if  it  is  at  any  other  point,  it  follows  that  it  must  pass  from 
positive  to  negative  at  that  point.  lie,  however,  only  states  that  no 
negative  values  are  to  be  allowed  when  lime  mortar  is  used,  for  he 
clearly  recognizes  the  adhesive  and  tensile  strength  of  cement 
mortar  in  supplying  the  necessary  tension  from  without — not  below 
the  joint  of  rupture,  but  above  it.  And  as  if  to  impress  this  point 
he  says:  "When  tenacity  to  resist  horizontal  or  oblique  tension  is 
given  to  the  spandrels  of  an  arch,  and  to  the  joints  between  them 
and  the  arch  stones,  by  means  of  cement,  hoop-iron  bond,  iron 
clamps,  or  otherwise,  the  conjugate  pressure  denoted  by  py  must 
not  at  any  point  exceed  a  safe  proportion  of  that  tenacity;  that  is 
to  say,  about  one  eighth.  By  this  means  stability  may  be  given  to 
arches  of  seemingly  anomalous  figures;  but  such  structures  are  safe 
only  on  a  small  scale."  He  therefore  still  recognizes  the  existence 
of  horizontal  components  of  external  forces,  but  does  not  recom- 
mend lying  an  arch-ring  to  masonry  situated  above  it  and  supported 
by  it  directly — at  least  to  a  certain  but  possibly  unknown  extent. 
(See  Bankine's  C.  E.,  page  417).  And  on  page  421  he  says  that  "it 
is  below  those  joints "  (that  is,  the  joints  of  rupture  where  py  is 
zero  and  changes  from  positive  to  negative)  that  conjugate  pressures 
(not  tension)  from  without  are  required  to  sustain  the  arch,  and 
that  consequently  the  backing  must  be  built  with  squared  joints. 
The  reverse  conditions  exist  in  pointed  arches,  and  a  weight  must 
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be  placed  over  the  crown  equal  to  that  which  would  have  been  dis- 
tributed over  the  two  arches  conceived  to  be  extended  to  their  own 
crowns  or  highest  points. 

He  therefore,  for  the  reasons  stated  above,  prefers  to  insure  the 
equilibrium  of  that  portion  of  the  arch  above  the  joint  of  rupture, 
not  by  the  application  of  external  pressures  from  within  or  external 
tension  from  without,  but  by  making  the  arch-ring  thick  enough 
to  insure  stability.  This  will  be  accomplished  when  the  line  of 
pressure  is  made  to  conform  to  a  linear  arch  balanced  under  verti- 
cal forces  only.  This  is  equivalent  to  assuming  a  constant  hori- 
zontal component  of  the  thrust  from  the  crown  to  the  joint  of 
rupture,  and  consequently  it  is  held  in  equilibrium  (see  Fig.  271  (ff) ) 
by  only  three  forces,  viz,  the  thrust  T^  at  the  crown ;  the  weight 
W  acting  through  the  centre  of  gravity  of  the  mass  of  the  arch  and 
its  load  above  the  joint  of  rupture,  the  aggregate  weight  of  which 
is  represented  by  W\  and  the  thrust  P  at  the  joint  of  rupture.  If, 
then,  the  line  OW  \^  the  vertical  line  through  the  centre  of  gravity 
of  the  load,  and  it  be  possible  to  draw  from  any  point  on  this  line 
two  lines,  one  of  which,  ffv,  is  parallel  to  a  tangent  to  the  curve 
of  the  soffit  at  the  crown,  and  the  other,  OD,  parallel  to  a  tangent 
to  the  soffit  at  the  joint  of  rupture,  so  that  the  points  v  and  D 
in  which  these  lines  pierce  the  joints  at  the  crown  and  at  the  point 
of  rupture,  respectively,  are  within  the  middle  third  of  the 
depth  or  thickness  of  the  arch-ring,  the  stability  of  the  arch  will. 
be  secure ;  and  if  the  second  point  be  the  centre  of  resistance  at  the 
joint  of  rupture,  the  fij'st  will  be  the  centre  of  resistance  at  the 
crown,  and  the  crown  or  highest  point  of  the  true  line  of  pressure. 
If,  however,  the  pair  of  points  fall  outside  of  the  middle  third  of 
the  arch-ring,  the  depth  of  the  arch  stones  must  be  increased  until 
the  required  condition  is  fulfilled.  Both  steps  in  Rankine's  graphi- 
cal method  are  simple  and  easy  of  application,  the  first  determining 
the  thrust  at  every  joint  from  the  crown  to  the  springing,  deter- 
mining the  position  of  the  joint  of  rupture  and  the  tangent  to  the 
true  line  of  pressure  at  that  joint;  and  the  second  determining  the 
position  of  the  line  of  pressure  above  the  joint  of  rupture,  and  the 
proper  thickness  of  the  ring-stones  in  order  that  this  line  shall  be 
within  the  middle  third  of  the  arch-ring,  without  resort  to  the  un- 
certain application  of  special  means  of  applying  a  system  of  exter- 
nal tensions  in  order  to  secure  stability. 

676.  Line  of  Pressure, — As  we  have  already  seen,  the  location 
and  construction  of  the  true  line  of  pressure  is  practically  impos- 
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sible  unless  the  assumption  made  by  the  particular  investigator  is 
true.  Even  then  the  uncertainty  of  the  exact  relations^  magnitudes^ 
and  positions  of  the  lines  of  action  of  the  forces  producing  equilib- 
rium leave  us  in  doubt  as  to  the  extent  of  variation  of  this  hypo- 
thetically  true  line  of  pressure  from  the  actual  and  existing  true 
line.  Mr.  Rankine  only  considers  it  necessary  to  construct  a  line  of 
pressure  in  that  portion  of  the  arch  above  the  joint  of  rupture,  as 
below  that  point  the  externally  applied  pressures  v^ill  take  care  of 
the  line  of  pressure.  And,  moreover,  instead  of  attempting  to  deter- 
mine the  true  line,  he  is  satisfied  if  with  the  given  conditions  be 
can  construct  any  line  of  pressure  which  will  lie  wholly  within  the 
middle  third  of  the  arch-ring,  and  if  this  cannot  be  done  with  the' 
form  and  dimensions  of  the  proposed  arch,  then  one  or  both  of 
these  must  be  altered  so  that  the  condition  shall  be  fulfilled. 

In  Fig.  272  is  shown  a  semi-arch,  from  which  it  is  seen  that  if 
the  crown-thrust  is  varied  in  position  or  magnitude,  or  in  both 
respects,  an  infinite  number  of  lines  of  pressure  may  be  drawn.  If 
it  acts  at  the  middle  of  the  joint  n,  it  is  evident  that  if  T^  (or  H) 
is  increased  the  tendency  is  to  raise  the  line  of  pressure  nearer  to 
the  extradosal  curve;  if  sufficiently,  it  will  touch  or  even  pass  out- 
side of  the  extrados,  and  will  consequently  tend  to  or  actually  cause 
the  arch-ring  to  open  at  the  in  trades  at  some  point  8^  or  S^,  This 
condition  will  rarely  if  ever  occur  in  flat  arches.  If,  however,  T^ 
Js  decreased,  the  line  of  pressure  will  finally  touch  or  pass  below 
the  intrados,  and  the  tendency  will  be  to  open  at  the  extrados 
at  8^  or  8^»  If,  however,  the  point  of  application  of  T^  is  raised 
towards  C,  while  its  magnitude  is  decreased,  the  line  of  pressure 
will  be  depressed,  approaching  more  and  more  nearly  the  intrados. 
One  such  line  is  shown  in  Ccfi^cJ).  This  condition  gives  the 
least  crown-thrust  consistent  with  equilibrium  of  the  arch  as  a 

whole,  and  can  be  found  from  the  equation  H  ^  — ~,    If,  on  the 

contrary,  the  point  of  application  is  lowered  towards  C,  while  the 
magnitude  is  increased,  the  line  of  pressure  will  be  raised  towards 
the  extrados,  as  seen  in  C'8s^S^F,  or  some  line  touching  the  ex- 
trados at  some  other  point  than  F.  This  is  the  condition  for  max- 
imum crown-thrust.  It  would  not  be  admissible  for  the  thrust  to 
be  concentrated  so  near  the  edge  of  the  arch-ring.  It  is  therefore 
usual  in  all  theories  of  the  arch  to  limit  the  variation  of  the  centre 
of  resistance  at  the  crown,  that  is,  the  point  of  application  of  the 
thrust  T^  or  H,  to  points  within  the  middle  third  of  the  arch-ring. 
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that  is,  somewhere  between  the  points  vi  and  m',  or  for  extreme 
variation  from  the  centre  a  at  the  points  m  or  m\  According  to 
Rankine  it  is  immaterial  which  one  of  these  limits  is  taken.  For 
the  magnitude  of  the  thrust,  however,  he  uses  T^  =■  p^r^. 


Rolling  Load 


Fixed  or  Dead  Load 


•HOWINQ  LINCS  OP  PRESSURC. 

H"  Tarylng  in  poBltlon.and  magnitude  ofImUl 


Fig.  272. 


677.  In  the  methods  now  to  be  explained  the  crown-thrust  is 
determined  from  the  equation  T^  =  — ^,  which  will  give  the  least 
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crowD-thrust  consistent  with  equilibrium.  Its  point  of  application 
is,  consequenfly,  according  to  the  principle  above  established  (see 
paragraph  676),  placed  above  the  middle  of  the  ring  at  the  crown, 
and  to  insure  that  no  point  of  the  surface  at  the  crown  joint  may 
be  under  tension,  it  must  not  be  more  than  one  sixth  of  the  thick- 
ness above  the  centre  a;  and,  that  it  may  be  the  least  possible  con- 
sistent with  this  condition,  it  is  taken  at  the  point  m,  one  sixth  of 
the  depth  from  and  above  a  (Fig.  272). 

678.  The  ordinary  method  of  constructing  the  line  of  pressure 
is  clearly  shown  in  Fig.  273.  The  point  of  application  of  the 
crown-thrust  H  is  taken  at  the  point  C,  the  upper  limit  of  the 
middle  third  of  the  crown  thickness  of  the  arch-ring,  that  is,  one 
sixth  of  the  thickness  zz'  above  the  centre  point.  Then,  to  deter- 
mine the  magnitude  of  this  crown-thrust,  it  is  usual  to  consider 
that  only  three  forces  hold  the  semi-arch  in  equilibrium,  viz.,  the 
crown-thrust  If  acting  horizontally  at  the  point  C,  the  thrust  or 
reaction  at  the  abutment  acting  at  a  point  M,  which  is  one  third  of 

the  thickness  of  the  ring  from  the  intrados  at  A  on  the  springing- 

If  ■»• 

line.     Then  H  =  — ,  in  which  W  is  the  weight  of  the  entire  half 

X 

arch  and  its  load  acting  through  the  centre  of  gravity  of  the  entire 
mass,  including  a  uniformly  distributed  moving  load.  This  should 
onl}^  be  determined  in  this  way  when  the  joint  AB  at  the  springing 
is  evidently  the  joint  of  rupture,  that  is,  when  z'oo^o^A  is  about  45° 
of  arc.  In  all  other  cases  it  is  either  necessary  to  find  the  position 
of  the  joint  of  rupture  by  Mr.  Rankine's  methods,  or  by  the  follow- 
ing, which  is  really  the  same  as  his  method,  though  the  form  of  the 
equation  used  is  different  (see  paragraph  674) :  Take  the  equation 

IT  =  — ~,  and  divide  the  mass  above  the  arch-rinff  and  the  arch- 

X  ° 

ring  itself  into  a  series  of  small  volumes  by  vertical  planes.  These 
volumes  are  represented  by  a  series  of  figures,  z'vto,  o/ro,,  etc.,  which 
are  approximately  trapezoids,  the  areas  containing  the  same  num- 
ber of  units  as  the  volumes,  since  the  length  of  the  arch  perpendic- 
ular to  the  plane  of  the  drawing  is  always  taken  as  unity.  But 
since  the  weights  are  made  up  of  masses  having  each  a  different 
specific  gravity,  it  is  necessary  to  consider  the  mass  above  the  arch- 
ring  as  reduced  to  the  same  specific  gravity  as  the  arch-ring  itself, 
in  order  that  the  ordinates  of  the  trapezoids  may  represent  element- 
ary weights  or  intensities  to  a  given  scale,  including  a  similar  reduc- 
tion for  the  uniformly  distributed  load,  so  that  the  line  vfrr^  is  the 
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limiting  line  of  the  elementary  loads,  and  not  the  top  of  the  span- 
drel-wall of  the  arch  itself.  Then  the  areas  of  the  trapezoids  mul- 
tiplied by  the  weight  of  a  unit  of  volume  of  the  material  of  the 
arch-ring  will  be  the  weight  of  a  certain  portion  of  the  entire  struc- 
ture included  between  the  two  consecutive  vertical  planes,  such  as 
vz'  and  to,  to  and  rOj,  etc.  It  is  not  necessary  at  this  stage  of  the 
work  that  the  actual  dimensions  of  the  voussoirs  should  be  known 
or  considered;  but  if  they  are,  the  vertical  planes  should  be  taken 
through  the  edge  of  the  joints  at  the  extrados,  as  shown  in  ttie 
drawing,  Fig.  273.  For  each  joint  the  forces  to  be  considered  are 
the  unknown  crown-thrust  H,  the  thrust  at  the  joint  under  consid- 
eration, and  the  weight  of  that  portion  of  the  arch  and  its  load 
between  the  crown  and  the  joint.     Taking  the  first  joint  ux,  then, 

Wy 
in  the  equation  I£=  — -,  W  is  the  weight  of  the  volume  z'viux, 

considered  to  be  a  trapezoid;  y  is  the  perpendicular  distance  from 
the  line  gw  to  the  point  c^;  and  x  is  the  perpendicular  distance 
between  the  line  of  action  of  H  prolonged  and  the  same  point.  Sub- 
stituting, we  find  //  =  t,  for  example.  Then,  for  the  joint  v'p,  W 
is  the  weight  o^vrvz';  y  is  the  distance  between  the  line  of  action  of 
the  resultant  of  the  two  loads  gw  and  g^w^  and  the  point  c,;  and  x 
is  the  distance  between  the  line  of  action  of  H  prolonged  and  the 
same  point.  Substituting,  we  find,  say,  H^t'\  and  similarly 
for  the  other  joints  all  the  way  down  to  the  springing  ^^.  For  the 
joint  ABy  W  is  the  weight  of  the  entire  semi-arch;  y  the  distance 
from  the  line  of  action  of  this  weight  to  c^;  and  x  the  vertical  dis- 
tance cA^  from  ^to  the  same  point,  say,  ff=  t^.  Then  from  these 
several  values  of  H  select  that  one  which  is  the  greatest.  This 
greatest  value  will  be  the  least  value  of  the  thrust  at  the  crown 
consistent  with  the  stability  of  the  arch  (see  paragraph  655).  The 
joint  to  which  it  corresponds  will  be  the  joint  of  rupture.  If  t  is  the 
greatest,  ux  will  be  the  joint  of  rupture;  if  t',  then  the  joint  vp\ 
or,  finally,  if  /^,  then  the  joint  AB,  since  in  any  case  the  joint  of 
rupture  is  that  position  in  the  arch-ring  at  which  the  horizontal 
component  of  the  thrust  is  a  maximum.  Above  this  joint  Rankine's 
method  of  constructing  the  line  of  pressure  is  the  same  as  the  one 
to  be  described,  though  he  finds  the  crown-thrust  in  his  general 
theory  in  a  different  manner,  that  is,  by  first  finding  the  joint  of 
rupture  and  then  the  thrust,  and  not  finding  the  maximum  thrust 
and  locating  from  it  the  joint  of  nipture.  The  result  is  the  same, 
though  the  process  is  different.     This  may  or  may  not  be  the  same 
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crown-thrust  as  found  from  the  equation  T^=p^i\,  The  prob- 
ability is,  however,  that  they  will  be,  or  that  there  will  be 
no  material  difference,  as  all  of  the  quantities  entering  into 
the  problem  are  to  a  greater  or  less  extent  interdependent. 
Having,  then,  determined  the  point  of  application,  magnitude. 


Lines  of  Pressure,  e,    c^,  Cs,  Cj,  c^,  c^,  N., 
foona  by  Uie  Ist.  Method.    • 


"A 


Fig  278. 


and  direction  of  the  crown-thrust,  the  construction  of  the  line 
of  pressure  is  very  simple.  Referring  to  Fig.  273,  prolong  the: 
line  of  action  of  the  horizontal  thrust  to  the  point  of  intersection 
with  the  line  of  action  of  the  weight  w  of  the  trapezoid  z'vto;  then 
on  these  lines,  respectively,  lay  off  to  the  same  scale  the  distance 


764   scheffler's  method  of  locating  line  of  pressure. 


ita  =  2v  and  ia  =  H,  complete  the  rectangle,  and  the  resultant 
pressure  on  the  joint  ux  is  represented  by  the  diagonal  Ji;  and  the 
point  Co,  in  which  this  resultant  pierces  the  joint  ux,  is  the  centre 
of  pressure  or  resistance.  Then  prolong  R  to  intersection  with  ^,ip, , 
and  lay  off  E  and  the  weight  w,  of  the  trapezoid  otro^  on  these  lines, 
respectively,  and  complete  the  parallelogram;  then  its  diagonal  R^  is 
the  resultant  pressure  on  the  joint  v'p,  and  c,  is  the  centre  of  press- 
ure.  Prolong  R^  to  intersection  with  g;w^ ,  and  forming  this  paral- 
lelogram, its  resultant  i?,  is  the  pressure  on  the  next  joint  and  c,  is 
the  centre  of  pressure;  and  so  on  to  the  joint  AB  at  the  springing. 
The  line  drawn  through  cc^c^c^c^  is  the  line  of  pressure.  If  this 
line  is  found  throughout  its  length  within  the  middle  third  of  the 
arch-ring,  as  shown  in  the  drawing,  its  stability  is  secured  so  far  as 
rotation  is  concerned.  That  sliding  at  any  joint  may  not  occur,  the 
angle  6^  between  the  direction  of  the  resultant  pressure  R^  and  the 
normal,  Nc^,  to  the  joint  AB  must  not  exceed  the  angle  of  repose 
(f>  of  masonry  on  masonry.  This  same  condition  must  be  fulfilled 
at  all  other  joints  as  well. 

679.  Scheffler's  method  is  similar  to  the  above-described  method 
up  to  the  point  of  finding  the  least  crown-thrust.  By  the  construc- 
tion of  a  table,  which  will  be  explained  below,  the  necessary  calcu- 
lations are  simplified,  and  the  actual  determination  of  the  centres  of 
pressures  graphically  is  made  very  clear  and  easy.  It  may  be  as 
well  to  mention  that  both  in  the  preceding  method  and  in  Scheff- 
ler's  the  horizontal  components  of  the  external  forces  are  not  con- 
sidered. 

The  crown-thrust  is  determined  by  a  series  of  arithmetical 
trials,  for  the  purpose  of  determining  what  particular  values  of  W,  x, 
and  y  will  give  the  maximum  value  of  H,  and  this  is  taken  as  the 
value  for  the  least  crown-thrust  (see  paragraph  655).  This  could 
be  done  as  well  without  attaching  any  significance  whatever  to  the 
joint  of  rupture,  or  without  any  reference  to  its  position,  and  con- 
sequent height  or  thickness  of  the  backing.  In  other  words,  the 
stability  of  the  arch  is  to  be  secured  by  giving  such  a  form  and  such 
a  thickness  to  the  arch-ring  proper  that  the  line  of  pressure  will 
remain  at  all  points  within  the  middle  third  of  the  ring,  or  at  any 
rate  well  within  its  thickness — not  nearer,  Schefller  says,  than  one 
fourth  of  its  thickness  to  either  intrados  or  extrados;  then  stability 
of  the  arch  is  secured.  That  is,  what  is  known  as  the  backing  is 
really  embodied  in  the  arch-ring,  as  the  crown-thrust  in  both  of 
these  methods  is  the  same  as  the  horizontal  component  of  the 
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thrust  at  any  other  point,  although  it  is  taken  as  the  maximum 
component  of  a  long  series  of  horizontal  components.  The  method 
is  much  used,  and  will  therefore  be  described  somewhat  fully. 

680.  The  first  step  is  to  reduce  the  load  on  and  that  of  the  arch- 
ring  to  an  ideal  homogeneous  mass  of  the  same  specific  gravity 
throughout.  This  is  taken  as  that  of  the  arch-ring.  Vertical  ordi- 
nates  are  then  laid  off  from  and  aboye  the  soffit  to  any  scale,  to 
represent  these  elementary  weights  at  as  many  points  as  may  be 
deemed  necessary.  The  upper  extremities  of  these  ordinates  are 
connected  by  a  line,  straight  or  curved,  as  the  case  may  be.  If  this 
limiting  line  of  londs  d^d^d^,  etc.,  is  straight  and  horizontal,  then 
the  total  load  on  the  semi-arch  is  represented  by  the  weight  of  the 
area,  or  volume,  unity  in  length,  DsKfaBkcd^d^ .  .  .  d^ED.  If  the 
limiting  line  of  loads  is  curved,  the  volume  will  be  the  equivalent 
area  enclosed  between  this  curved  line  and  the  soffit.  In  either 
case  the  ordinates  between  the  two  will  represent  the  intensities  at 
any  point  of  the  soffit. 

This  area  is  divided  by  a  series  of  vertical  lines  into  a  series  of 
trapezoids,  as  in  the  preceding  example.  The  smaller  the  trape- 
zoid the  more  accurate  will  be  the  result.  Only  six  trapezoids  are 
used  in  Fig.  274.  The  position  of  the  centre  of  gravity  of  the  first 
trapezoid,  Bcd^q,  is  found  by  the  proper  method  from  the  vertical 
cB.  It  is  easy  then  to  write  the  horizontal  distances  of  the  centres- 
of  gravity  of  the  other  trapezoids  by  a  series  of  additions. 

681.  Form  a  table  as  shown  below.  Under  column  1  is  placed 
the  number  of  the  joint,  not  counting  the  crown  joint.  These 
joints  are  numbered  1,  2,  3,  4,  etc.     In  the  second  column  is  placed 

the  average  heights  of  the  trapezoids  = — — ,     '^    — -— ,etc.; 

in  column  3  the  widths  cd^,  d^d^y  etc.;  in  column  4  the  areas  of 
the  trapezoids,  which  are  the  product  of  the  numbers  in  columns 
3  and  2;  in  column  5  the  distances  of  the  centres  of  gravity  of  the 
separate  trapezoids,  viz.,  \d^Cy  d^c  +  i^/?,,  d^c  -f  \d^d^ ,  etc.  If 
the  widths  of  the  trapezoids  are  the  same,  we  would  simply  add  the 
constant  width  to  the  preceding  distance  in  the  column.  In  this 
case  this  is  done  for  each  trapezoid,  except  the  one  above  the  spring- 
ing, for  which  we  would  add,  for  the  distance  of  the  centre  of 
gravity  of  d^d^ED  from  cB,  \(djd^)  +  id^d^  to  the  horizontal  from 
G  to  cB. 

In  column  6  are  found   the   moments  of  the  weight  of  each 
trapezoid  separately  with  respect  to  an  axis  at  P;  these  are  the 
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products  of  the  numbers  in  columns  4  and  5.  In  column  7  the 
successive  sums  of  the  numbers  in  column  4  represent  the  areas 
of  the  first  trapezoid;  of  the  sum  of  the  1st  and  2d,  of  the  sum 
of  the  1st,  2d,  and  3d,  trapezoids,  etc.;  that  is,  the  total  areas 
or  their  equivalent  loads  from  the  crown  down  to  any  joint,  as 
.J,2,  3,  etc. 

In  column  8  are  the  sum  of  the  numbers  in  column  6,  taken  1st 
-smd  2d;  1st,  2d,  and  3d;  1st,  2d,  3d,  and  4th,  etc.  Now  from  the 
principle  of  moments  it  is  evident  that  if  we  divide  the  numbers 
in  column  8  by  the  corresponding  numbers  in  column  7  we  will 
find  the  distance  of  the  line  of  action  of  the  weight  w^  of  the  1st 
trapezoid ;  the  distance  of  the  line  of  action  of  the  weight  of  the 
Ist  and  2d  trapezoid;  of  that  of  the  1st,  2d,  and  3d,  etc.,  from  the 
line  cB,     These  quotients  are  recorded  in  column  9. 

In  column  10  are  recorded  the  horizontal  distances  from  P  to 
the  corresponding  points  in  joints  1,  2,  3,  etc.;  that  is,  from  P  to 
Py  P  to p^y  P  to jy,,  etc.;  and  in  column  11  is  recorded  the  differ- 
ence between  these  numbers  in  column  10  and  those  in  column  9. 
These  distances  will  be  the  lever-arms  of  the  weights  above  any 
joint  and  the  points  p,Pi,Pi9  etc.,  respectively.     These  distances 

are  the  values  of  y  in  the  formula  H  =  — ~;  the  values  of  x  are  the 

vertical  distances,  respectively,  of  the  points  p,  p^^p,,  etc.,  below 
the  prolongation  of  the  line  of  action  of  the  horizontal  crown- 
thrust  Hy  which  are  scaled  ofF  and  recorded  in  column  12.  Substi- 
tute in  H=^  — -  the  corresponding  numbers  in  columns  7,  11,  and 

12,  respectively,  for  W,  y,  and  x\  the  resulting  values  of  H  are 
recorded  in  column  13.  The  greatest  value  in  this  column  is  what 
is  called  the  least  crown-thrust,  and  the  corresponding  number  in 
column  1  is  the  corresponding  joint;  and  as  it  is  the  point  of  maxi- 
mum horizontal  component  of  the  thrusts  around  the  ring,  that 
joint  will  be  the  joint  of  rupture.  This  may  be  near  the  crown,  at 
the  springing,  or  at  any  intermediate  point.  It  is  to  be  observed 
that  areas  and  areas  by  distances  are  called,  respectively,  weights  and 
moments  of  weights.  The  weight  of  the  unit  of  volume  is  omitted, 
as  it  would  appear  in  both  cases,  and  would  consequently  only  make 
large  numbers  without  affecting  the  result.  But  when  using  col- 
umn 7  for  the  values  of  W  in  the  above  equation  the  weight  of  a 
unit  of  volume  must  be  introduced  if  the  areas  are  in  square  feet, 
And  y  and  x  from  columns  11  and  12  are  in  feet.    Then  the 
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nambere  in  coliima  7  must  be  multiplied  by  160,  the  weight  in 
pounds  of  a  cubic  foot  of  stone,  or  by  whatever  is  the  weight  of  a 
unit  of  volume  of  the  material  of  the  arch-ring,  and  these  products 
subetitated  for  W.  The  numbers  in  column  13  should  be  multiplied 
by  the  same  quantity. 
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The  above  table  applies  to  the  arch'  sliown  in  Fig.  274,  of 
which  the  span  ia  73  feet,  rise  18,6  feet,  thickness  of  arch-ring 
3  feet,  ordinate  cB  =  7.5  feet,  d,q  =  8.1  feet,  dji  =  9.7  feet, 
^,K=  12.0  feet,  d,L  =  15  feet,  d^D  =  18.5  feet,  d,£:=  18.5  feet. 
The  average  of  these,  taken  two  and  two  in  succeBsion,  will  be  the 
Z:5  +  8il_,BW  y_+M 


-  =  7.8  feet,  ■ 


mean  heights  of  the    rnpezoids,  viz.,  - 

=  8.9  feet,  and  80  on.  These  are  the  numbers  recorded  in  column 
a.  The  widths  cd,  to  d,rf,  inclusive  =  7.0  feet  each,  d,d^  ~  i  feet, 
and  rf.rf,  =  2.4  feet.  These  numbers  are  recorded  in  column  3, 
In  column  4  products  of  corresponding  numbers  in  columns  2  and 
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3.     In  column  5  first  distance  w^P  =  icd^\  then  successive  addi- 

7-1-4         4  4-  2.4 
tions  of  7,  to  and  including  section  4;  then  add     ^     and  — r-^ 

in  succession.  Column  6  products  of  corresponding  numbers  in 
columns  4  and  5^  and  in  column  7  the  continued  sum  of  the  num- 
bers in  column  4.     The  last  term  should  equal  the  sum  of  all 
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Fig.  274. 

numbers  in  column  4.  In  column  8  are  the  continued  sum  of  num- 
bers in  column  6.  The  last  term  should  be  equal  to  the  sum  of 
all  numbers  in  column  6.  In  column  9  are  the  quotients  arising 
from  dividing  the  numbers  in  column  8  by  those  in  column  T. 
The  numbers  in  column  10  will  depend  upon  the  exact  position 
of  the  joints  1,  2,  3,  etc.,  with  respect  to  the  verticals,  and  will  have 
to  be  determined  after  locating  the  joints  and  the  positions  of 
P^P\>P%9  6tc.,  approximately  at  least.  These  latter  may  be  taken 
either  at  or  near  the  centre. 

In  general  it  may  be  taken  a  little  less  than  the  continued  sum 
of  the  numbers  in  column  3.  Assume  a  decrement  of  0.3  at  each 
joint,  we  write  column  10  as  follows :  7  —  0.3  =  6  7, 14  ~  0.6  =  13.4^ 
etc.     The  numbers  in  column  11  are  the  differences  of  the  numbers 
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in  columns  9  and  10.     In  column  12  are  distances  scaled  from  the 

horizontal  line  of  crown-thrnst  prolonged.    And,  finally,  colnmn 

13  is  run  out  by  substituting  corresponding  numbers  in  columns  7, 

Wy 
11,  and  12  in  ^=  — ~  for  TF,  y,  and  a;,  respectively;  and  we  find 

the  maximum  horizontal  component  of  the  thrust  at  the  joints 
which  is  the  crown-thrust  to  be  used  in  practice,  and  not  the  least, 
as  found  in  the  table  opposite  joint  No.  1,  which  we  see  is  the  num- 
ber opposite  joint  4  in  column  1  of  table,  and  joint  q'o  in  Fig.  274. 
The  q'o  is  the  joint  of  rupture,  and  the  least  crown-thrust  is  //  = 
r,  =  337.2  X  160  -  52,352  pounds.  For  the  joint  3,  /f  =  274.6 
X  160  =  43,936  pounds;  and  for  joint  5,/r=  322.1  X  160  =  51,536 
pounds.  If  now  the  number  of  sections  between  3  and  5  be 
increased,  as  shown  by  the  dotted  joints  on  either  side  of  joint  4, 
and  the  calculations  repeated,  we  would  find  more  accurately  the 
maximum  thrust  and  the  true  joint  of  rupture. 

682.  Assuming  maximum  H  as  above  found,  we  can  proceed  to 
construct  the  line  of  pressure,  prolong  the  line  of  action  of  H,  and 
mark  points  on  it  the  distances  from  P  as  found  in  column  9,  these 
points  being  on  the  line  of  action  of  the  total  load  above  the  corre- 
spond ingjoints.  The  first  intersection  is  a,.  Then  laying  off  verti- 
cally to  the  scale  adopted  for  the  loads  the  line  b  =  54.6  x  160  = 
8736  pounds,  and  from  its  upper  extremity  to  the  right  the  horizon- 
tal line  c  =  ^  =  52,352  pounds,  and  drawing  R,  the  third  side  of 
the  triangle  of  which  h  and  c  are  the  other  sides,  then  R  will  be  the 
resultant  pressure  for  the  joint,  and  jt?  will  be  thfe  centre  of  pressure. 
Then  on  the  same  horizontal  line  the  point  a,  distant  from  p  7.23 
(see  column  9),  erect  the  vertical  J,  =  116.9  (see  column  7)  X  160 
==  18,704  pounds,  and  c,  =  c  =  52,352  pounds,  draw  i?, ,  it  will  bo 
the  resultant  for  joint  2,  and  jo,  will  be  the  centre  of  pressure.  Then 
at  rt,  11.27  feet  from  P,  erect  \  =  192.85  x  160  =  30,856  pounds, 
and  draw  horizontally  c^  =  c,  =  c  =  52,352  pounds;  the  closing  line 
/?,  will  be  the  resultant  for  joint  3,  and  p^  the  centre  of  pressure. 
Continue  this  process,  using  horizontal  distances  from  P  as  found 
in  column  9,  and  volumes  in  column  7  multiplied  by  160,  the  weight 
of  a  unit  of  volume,  i.e.,  a  cubic  foot,  which  is  laid  off  vertically, 
and  the  constant  horizontal  thrust  //,  as  already  shown;  and  if  the 
line  of  pressure  joining  the  points  P,p,Pi,  p^tP^^  P^^Ptf  P*  ^^^  wholly 
within  the  middle  third  of  the  arch-ring,  the  stability  of  the  arch 
will  be  secured,  provided  the  joints  are  so  arranged  that  sliding 
cannot  take  place,  and  the  intensity  of  the  thrust  on  any  joint  does 
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not  exceed  a  safe  resistance  of  the  material  to  crushing.  If  the  line 
of  pressure  falls  without  the  middle  third,  either  the  form  of  the  arch 
must  be  changed  or  the  thickness  of  the  ring  increased,  or  both. 
It  is  to  be  noted  that  the  trapezoids  do  not  exactly  represent  the 
loads  on  the  sections  of  the  arch-ring.  For  instance,  at  the  joint  1 
there  is  a  small  wedge  in  excess  of  the  load  between  the  joint  and 
the  vertical,  while  at  the  joint  4  this  excess  wedge  q'oL  is  quite 
large.  This  can  in  part  be  remedied  by  moving  the  joint  either  in 
position  or  in  direction,  or  by  deducting  the  weight  of  the  wedge 
from  that  of  the  trapezoids,  which  in  turn  would  necessitate  a 
change  in  the  position  of  the  lines  of  actions  of  the  loads.  The 
method  can  only  be  approximately  correct  on  this  account  as  well 
as  on  the  assumption  of  a  constant  horizontal  component  of  the 
thrust  at  all  points  of  the  arch-ring.  The  safety  must  therefore 
be  provided  by  a  sufficient  thickness  of  arch-ring,  and  backing  np 
the  arch  as  high  as  the  joint  of  rupture. 

BRICK  ARCHES. 

683.  The  same  general  principles  of  stability  apply  to  brick 
arches  as  to  those  of  stone.  It  is  usual  to  make  the  thickness  of 
the  arch-ring  from  one-eighth  to  one-fourth  part  more. 

Prob&bly  the  main  objections  to  the  use  of  brick  arises  from 
the  difficulty  of  securing  at  a  reasonable  price  bricks  uniform  iu 
dimensions,  hardness,  and  strength;  the  inability  to  secure  good 
and  sufficient  bond  necessitates,  to  a  great  extent,  the  construction 
of  the  arch  with  a  series  of  rings,  only  held  together  by  the  adhesive 
and  tensile  resistance  of  the  mortar;  the  great  number  of  joints 
and  the  varying  thickness  of  these  joints  required  to  cover  increas- 
ing lengths  of  arch-rings,  and  lastly  the  non-homogeneous  nature 
of  the  material  composing  the  arch. 

Many  of  these  difficulties  and  objections  can  be  in  whole  or  in 
part  removed,  and  at  the  present  time  it  may  safely  be  said  that 
the  choice  between  stone  and  brick  is  rather  that  of  convenience 
and  cost  than  of  strength  and  durability.  The  main  point  of  good 
bond  can  be  secured  by  maintaining  thin  joints  in  each  ring,  but 
so  regulating  their  thicknesses  that  at  reasonably  short  lengths 
headers  can  be  introduced,  bonding  the  ringg  together  and  producing 
unity  of  action  between  them.  This  construction  is  shown  in  the 
left-hand  half  of  the  arch  (see  Fig.  275),  while  on  the  right  is 
shown  the  construction  with  separate  rings  only  connected  with  the 
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mortar.  It  good  bricks,  good  cement^  aud  good  workmanship  are 
required  and  secured^  the  brick  arch  will  furnish  a  permanent, 
stable,  and  strong  structure.  The  conveniences  attending  the  use 
of  bricks  render  them  the  almost  sole  reliance  for  tunnels,  sewers, 
and  similar  structures.   Brick  arches  can  be  materially  strengthened 
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Fio.  275. 

by  the  use  of  hoop-iron  placed  in  the  joints.  This  application  of 
iron  is  similar  in  its  effects  to  that  of  the  wire  netting  or  iron  ribs 
in  connection  with  concrete  arches,  which  have  been  fully  explained 
and  illustrated. 


SKEW-ARCHES. 


684.  Although  the  consti-nction  of  skew-arches  is  avoided  as 
much  as  possible,  yet  the  engineer  is  often  called  upon  to  construct 
them,  and  consequently  the  general  principles  in  their  design  and 
construction  should  be  understood. 
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The  square  arch  being  one  in  which  the  axis  of  the  arch  is 
perpendicular  to  the  plane  of  the  face  of  the  arch,  the  skew-arch  is 
one  in  which  the  axis  is  inclined  to  the  faces  or  ends  of  the  arch. 
The  angle  of  skew  is  the  angle  which  the  axis  of  the  arch  makes 
with  a  normal  to  the  plane  of  the  face.  In  a  square  arch  the  planes 
of  the  face  and  those  of  any  parallel  vertical  planes  are  perpendicu- 
lar to  the  planes  of  the  faces  of  the  abutments,  whereas  in  a  skew- 
arch  similar  planes  make,  respectively,  obtuse  and  acute  angles  with 
each  other,  the  obtuse  angles  being  at  diagonally  opposite  corners, 
and  the  same  for  the  acute  angles. 

Skew-arches  of  short  span  may  be  constructed  similarly  to 
square  arches,  but  the  direction  of  the  thrust  being  oblique  to  the 
beds  of  the  voussoirs,  would  tend  to  force  the  arch  stones  at  the 
springing  and  at  the  acute  angles  outward.  To  obviate  this  ten- 
dency the  bed -joints  of  the  voussoirs  must  be  normal  to  the  direc- 
tion of  the  thrust.  This  requires  that  the  bed-joints  or  string- 
course joints  of  the  voussoirs  shall  be  curved.  In  order,  then,  to 
design  a  skew-arch  with  true  or  proper  string-course  joints,  it  be- 
comes necessary  to  develop  on  a  drawing  to  a  large  scale  the  soffit 
of  the  arch,  and  upon  this  drawing  lay  off  two  sets  of  lines,  the  one 
representing  the  line  of  thrust  which  will  be  parallel  to  the  ring- 
course  joints,  that  is,  parallel  to  the  faces  of  the  arch,  and  another 
set  of  lines  perpendicular  to  these  at  every  intersection. 

685,  A  circle  or  wheel  making  one  revolution  on  a  horizontal 
plane  will  trace  a  straight  line  equal  in  length  to  its  circumference. 
This  straight  line  is  called  the  development  of  the  circumference; 
and  similarly,  if  a  right  cylinder  be  revolved  once  on  a  horizontal 
plane,  a  rectangle  will  be  traced  whose  area  is  equal  the  cylindrical 
surface  of  the  cylinder.  The  half  of  this  would  be  the  development 
of  the  semi-cylindrical  surface.  This  is  shown  in  Fig.  276,  in  which 
the  line  AB  is  the  development  of  soffit-line  on  the  face  of  the  arch 
and  AC  is  the  springing-line.  The  continuous  straight  joints  per- 
pendicular to  AB  or  parallel  to  AC  are  the  string-course  joints, 
and  the  discontinuous  lines  normal  to  these  are  the  ring-course 
joints.  The  respective  distances  apart  of  the  joints  in  each  set 
are  arbitrary,  depending  upon  the  widths  and  lengths  of  the  vous- 
soirs to  be  used.  Having  due  regard  to  good  bond,  the  develop- 
ment of  the  soffit  of  the  square  arch  is  only  a  convenience  in  laying 
out  the  dimensions  of  the  voussoirs;  and  when  their  lengths  and 
widths  materially  differ,  it  enables  the  builder  to  locate  more  easily 
the  stones  for  each  string-course. 
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686.  To  make  the  development  of  the  soffit  of  the  skew-arch  is 
somewhat  more  difficult.  Although  it  is  only  necessary  to  develop 
the  half  of  the  soffit,  the  whole  soffit  is  developed  in  the  drawings. 
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Shoiil&g  Utaes  of  lE>reM9BB  or  rlBg  and  string  course  Joints. 

Fia.  276. 

Take,  as  example,  a  skew-arch  whose  span  is  22.5  feet  on  the  skew, 
length  parallel  to  its  axis  32.0  feet,  rise  10  feet,  angle  of  skew  30°. 
In  Fig.  277  GLQK  is  the  horizontal  projection  of  the  soffit  on  the 
skew,  jRAE  is  the  horizontal  projection  of  any  vertical  section  on 
the  skew,  and  TAB  the  horizontal  projection  of  a  vertical  section 
on  the  square ;  the  angle  BAB  =  30*^. 

•  If,  now,  a  series  of  lines,  aa',  bb',  cc\  be  drawn  parallel  to  the 
axis  HF  and  prolonged  until  they  meet  the  circular  arc  MND, 
Fig.  277(a),  described  with  a  radius  of  10  feet  from  any  point  0 
on  the  axis  HF  prolonged,  MND  being  the  vertical  section  of  the 
soffit  revolved  on  the  horizontal  plane,  the  lengths  of  the  various 
ordinates,  xjf^ ,  a:,y, ,  etc.,  can  be  readily  calculated  or  determined 
graphically.  These  ordinates  are  equal  to  the  ordinates  of  the 
corresponding  points  on  the  vertical  section  on  the  skew.  If, 
now,  we  draw  any  line  RO,  Fig.  277(5),  parallel  to  QA^  and  draw 
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a  series  of  normalfi  to  ifc  from  the  points  JT,  a^  b,  c^  etc,  and  on 
these  make  AA',  dd\  ee'  and  //*  equal,  respectively,  to  ON,  Q\y^ , 
x^y.y  and  xy  of  Fig.  277(a),  then  will  the  curve  Rh'd'e'fO  be 
the  revolved  position  of  a  vertical  section  of  the  soffit  on  the  skew. 

Prolonging  the  axis  FHy  and  taking  H^P^  =  FH,  at  its  middle 
point  iV,  draw  a  line  M^N^D^  perpendicular  to  it,  making  M^N^  = 
-.V,Z>j ,  equal  to  the  lengths  of  the  quadrant  MN  =  ND  of  Fig. 
277(a).  Then  will  M^N^D^  be  the  derelopment  of  the  vertical  sec- 
tion of  the  soffit  on  the  square.     (See  Fig.  277(c)  ). 

Then  from  iV, ,  in  both  directions,  on  JV,  Jf,  and  N^D^  lay  ofE  a 
series  of  distances,  Njp'  =  Nuy  N^o'  =  Np^ ,  N^q'  =  Nq,  so  on, 
and  from  these  points  of  division  lay  off  normals,  respectively, 
equal  to  the  distances  between  the  lines  AB  and  AEy  Fig.  277, 
viz.,  Sy  ti,  p,  q,  m,  m,  I,  tyW  {=^  BE)y  BE  being  equal  to  D.iS*, ,  and 
through  the  extremities  of  these  ordinates  draw  the  curved  line 
E^N^R^ ,  reversing  at  iV,.  This  line  will  be  the  development  of  the 
vertical  section  on  the  skew.  Curved  lines  Q^H^K^  and  L^F^G^ 
parallel  to  and  at  distance  from  it  equal  one  half  the  length  of  the 
arch  will  be  the  development  of  the  soffit  on  the  faces  or  ends  of 
the  arch.  The  figure  K^H^QJt^L^F^GJ)^K^  is  the  development  of 
the  entire  soffit  of  the  arch.  On  this  development  draw  any  num- 
ber of  curved  lines  parallel  to  KJI^Q^y  shown  by  heavy,  broken 
lines.  These  will  be  lines  of  pressure,  some  portions  of  which  will 
also  be  the  ring-coiTse  joints.  Then  draw  a  series  of  lines — dotted 
in  the  drawing — which  shall  be  perpendicular  at  each  intersection 
to  the  lines  of  pressure.  The  equation  of  these  lines  is  logarithmic. 
They  can  be  drawn  approximately  with  the  free-hand. 

It  will  be  noticed  that  these  string-course  joints,  commencing  at 
or  near  K^^  get  farther  and  farther  from  the  springing-line  KJ)^E^  (r„ 
— so  much  so  towards  0^  that  short  string-course  joints  have  to  be 
introduced  to  prevent  the  blocks  or  voussoirs  becoming  too  large, — 
and  that  these  lines  are  asymptotes  to  the  springing-line.  A  simi- 
lar set  of  joints  commencing  at  L^  and  separating  towards  (>,  can 
also  be  drawn,  but  it  is  only  necessary  to  draw  them  on  one  half  of 
the  development.  It  is  evident  that  each  voussoir  in  the  true  skew- 
arch  in  either  half  is  of  a  different  size  and  shape.  Each  has  to  be 
cut  and  numbered  to  correspond  with  its  position  on  the  develop- 
ment. They  might  be  cut  straight  on  the  ring-course  joints  and 
likewise  on  the  strijig-course  inclined  at  different  angles  for  each 
block  or  voussoir.  The  skew-arch  with  true  joints  is  seldom  used, 
As  a  substitute  the  ring-course  joints  are  left  as  before,  and  from 
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the  obtuse  angles  K^  and  L^  straight  lines  are  drawn,  L^L^  and  A', A",, 
so  that  they  shall  be  normal  to  the  ring-course  joints  at  one  point, 
that  is,  at  the  crown  H^  and  F^  ;  and  from  A",  to  G^  is  divided  off 
into  suitable  widths  for  the  voussoirs,  also  from  A",  to  L^  and  simi- 
larly from  Z,  on  the  other  face  of  the  arch;  from  these  points  of 
division  lines  are  drawn  over  the  entire  development  parallel  to 
A'^^A,  and  i,i,,  as  shown  by  the  full  straight  lines,  which  are  then 
the  string-course  joints.  These  lines  intersect  the  springing-linee. 
There  is  required,  then,  a  series  of  skew-backs  or  wedge-shaped 
stones  from  which  the  arch  springs.  The  ring-course  joints  are 
then  drawn  either  straight  or  curved,  so  as  to  limit  the  lengths  of 
the  voussoirs  and  produce  a  good  bond.  In  this  construction  the 
stones  are  more  easily  cut,  and  while  it  will  be  convenient  to  num- 
ber and  have  a  place  for  each  stone,  it  is  not  necessary.  It  is  not 
very  difficult  to  build  a  skew-arch  of  bricks. 

The  skew  is  often  obtained  by  building  the  arch  of  a  series  of 
ribs  which  project  beyond  each  other  in  opposite  directions  on  the 
two  sides  so  that  the  proper  obliquity  or  skew  will  be  obtained. 
This  can  be  done  by  making  both  arch  and  its  abutments  of  these 
ribs,  or  the  abutments  may  be  built  with  a  plane  face,  and  the 
skew  obtained  by  arched  ribs  set  with  the  proper  projections  on 
the  abutment. 


CENTRING  FOR  ARCHES. 

687.  No  arch  becomes  self-supporting  until  keyed  up — ^that  is, 
until  the  crown  or  keystone  course  is  laid.  Until  that  time  the 
arch-ring,  which  should  be  built  up  simultaneously  from  both  abut- 
ments, has  to  be  supported  by  frames  called  centres.  These  con- 
sist of  a  series  of  ribs  placed  from  3  to  6  or  more  feet  apart, 
supported  from  below.  The  upper  surfaces  of  these  ribs  are  cut  to 
the  form  of  the  arch,  and  over  these  scantlings  or  laggings  are  placed 
from  3  to  6  inches  thick,  which  form  an  open  or  closed  sheeting 
upon  which  the  arch  stones  rest.  The  ribs  may  be  of  timber  or 
iron.  They  should  be  strong  and  stiff.  It  is  good  economy  not  to 
spare  bolts  and  braces,  and,  if  possible,  to  strengthen  them  by  direct 
supports  at  close  intervals  from  springing  of  the  ribs.  Any  defor- 
mation that  occurs  in  tlie  rib  will  distort  the  /trch,  and  may  even 
result  in  its  collapse  on  removing  the  centres.  Only  good  judg- 
ment and  experience  can  be  relied  upon  in  designing,  constructing, 
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and  supporting  the  ribs.     Rigidity  is  essential.     A  great  variety  of 
designs  have  been  used. 

Just  at  what  point  the  weight  of  the  arch  conies  on  the  centre  is 
not  known.  It  is  stated  generally  that  the  stones  begin  to  bear  on 
the  centre  when  that  joint  is  readied  at  which  one  voussoir  would 
slide  on  the  one  below  it.  It  is  well  to  provide  for  a)l  and  every 
unfavorable  condition;  and  even  after  the  arch  is  keyed  there  will 
be  a  greater  or  less  pressure  ou  the  centering,  as  is  evidenced  by  the 
fact  that  all  arches  settle  more  or  less  on  ita  removal.  When  the 
centring  ehould  be  removed  is  a  question  that  never  has  and  per- 
haps never  will  be  agreed  upon.  Some  engineers  recommend  the 
almost  immediate  removal  after  completion  of  the  arch,  on  the 
view  that  it  is  better  to  let  the  arch  take  its  own  conditions  and 
]H)8ition  of  equilibrium  while  the  mortar  ia  soft, 

688.  This  certainly  is  not  the  usaal  practice.  In  tunnel-work 
it  is  not  uncommon,  however,  to  build  a  section  of  15  to  20  feet  of 
the  lining,  and  as  soon  as  the  excavation  ahead  will  permit  remove 
the  centring,  carry  it  forward,  and  proceed  with  the  building  of 
another  section.  As  a  rule,  the  centring  is  rarely  taken  away 
under  ten  days  or  two  weeks,  and  often  for  a  very  much  longer 
period  of  time. 

689.  Some  form  of  wedge,  or  supports  in  boxes  of  clean  dry 
sand  are  placed  between  the  ribs  and  their  main  supports.  These 
have  the  double  purpose  of  bringing  the  ribs  to  their  proper  po- 
tions by  driving  the  wedges  in  or  out,  and  thereby  adjusting  all  ribs 
to  their  proper  and  relative  positions;  and  also  to  enable  the  grad- 
ual removal  of  the  centre  by  lowering  it  a  little  at  a  time,  in  order 
to  prevent  shocks  or  a  too  sudden  throwing  of  the  arch  on  its  bear- 
ings or  supports.  Simple  queen  wedges  are  commonly  used,  but 
a  form  of  compound  wedge  shown  in  Fig.  278  possesses  many 
advantages. 

For  short  spans,  or  where  direct  intermediate  supports  can  be 
obtained,  there  is  probably  nothing  better  than  the  form  of  rib 
shown  in  Fig.  375,  which  also  shows  the  two  more  common  meth- 
ods of  building  brick  arches. 

Ab  seen  in  the  figure,  the  rib  ts  composed  of  a  series  of  seg- 
ments, usually  made  of  three  pieces  of  plank  from  2  to  4  inches 
thick,  framed  so  aa  to  break  joints,  the  width  of  the  planks  at  the 
joints  varying  from  6  to  8  inches,  and  between  these  from  10  to  12 
or  more  inches.  A  tie-beam,  likewise  made  of  two  pieces  of  plank, 
tie  the  ends  of  the  rib  together,  and  when  the  span  is  over  8  or  10 
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feet  intermediate  stmts  and  braces  are  introduced.  The  whole  is 
thoroughly  bolted  together  with  rods,  bolts,  and  straps.  The  direct 
supports  are  capped.  Queen  wedges  are  placed  between  the  cap 
and  the  tie  beam  of  the  rib.  The  constmction  is  clearly  shown  in 
all  of  its  details  on  the  drawing. 

Another  form  of  centre,  which   is  of  the  braced  bowstring 
girder  type  for  long  spans,  is  shown  in  Fig.  278.     The  compound 


^^^^= 


Fig.  27b. 
wedge  is  also  shown  in  connection  with  this  design.  Ths  rib 
is,  as  before,  built  of  several  pieces  well  bolted  and  braced,  and 
as  constructed  has  considerable  inherent  strength  in  itself.  Thi> 
exact  form  of  bracing  adopted  admits  of  great  variety  in  its  detail!'- 
The  proper  rule  is  to  make  the  arch  rib  strong  in  itself,  even  to  tbc 
extent  of  carrying  the  entire  load,  and  the  design  and  conatmction 
of  the  bracing  to  be  also  stiff  and  strong,  as,  whatever  may  be 
the  construction,  it  will  always  be  uncertain  in  what  propor- 
tion the  load  will  be  distributed  between  the  two.  The  drawing 
also  shows  the  arch-ring  as  partly  birik  up  from  the  two  abutineiiU. 
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In  Pig.  279  IB  ehown  another  form  of  centre,  in  which  the  sev- 
eral joiDtB  of  the  ribs  are  supported  directly  hy  a  eystem  of  braced 


BtnitB.  TbiB  will  make  a  good  form  of  centre  so  long  as  the  unsup- 
ported length  of  anystrnt  is  not  too  great. 

In  all  cases  the  arch  ib  built  up  simultaneously  and  symmetri- 
cally from  the  two  springings  to  the  crown.  It  is  not  unusual  to 
load  the  centre  with  its  entire  load,  or  a  large  portion  of  it,  simply 
laid  on  top  dry,  and  subsequently  laying  and  bedding  the  Toussoirs 
in  mortar,  or,  sealing  the  edges,  and  filling  the  joints  with  a  cement 
grout.  This  latter  method  subjectB  the  centre  to  its  load,  and 
brings  all  parts  into  bearing,  before  the  final  adjuBtment  and 
bedding  the  vousaoira  in  their  proper  positions. 

690.  Abttlments  and  Piers  for  Arches. — There  is  no  fixed  rule 
for  the  top  width  of  piers  and  ahutments  for  arches.  To  a  great 
extent  the  practical  requirements  of  construction  will  regulate  the 
tbicknesB,  as  in  the  case  of  piers  for  trussed  bridges.  In  full-centre 
arches,  where  they  spring  vertically  from  the  abutments,  there  is 
no  tendency  to  overturn  either  piers  or  abutments  from  the  arches 
proper.  Id  such  cases  the  piers  between  the  two  arches  of  a  series 
need  not  be  much  greater  than  the  sum  of  the  thicknesscB  of  the  arch- 
ring,  that  is,  from  1^  to  3  times.  For  the  abutments  sufficient  room 
forthearch-rtngand  the  thickness  of  the  backing  will  be  usually  suf- 
ficient. Mr.  Bankine  says  that  for  the  piers  of  a  series  of  arches  each 
pier  should  have  sufficient  stability  to  resist  the  thrust  from  a  moving 
load  on  one  of  the  arches  springing  from  it,  which  may  be  roughly 
computed  by  multiplying  the  travelling  load  per  lineal  foot  by  the 
radius  of  curvature  of  the  intrados  at  the  crown  in  feet,  and  then 
proportioning  the  thickness  in  accordance  with  the  thrust  applied 
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at  its  top  and  the  height  of  the  pier.  By  the  principles  already  estab- 
lishedy  and  from  some  of  the  best  existing  examples^  the  thicknesB 
of  piers  varies  from  one  tenth  to  one  fourth  of  the  span^  while  for 
the  thickness  of  the  abutments  those  values  approaching  the  one- 
fourth  limit  are  most  suitable^  the  thickness  of  the  pier  ranging 
from  one  seventh  to  one  sixth  the  span. 

Abutments^  however^  are  usually  backed  up  with  earthy  which 
often  extends  to  great  heights  above  the  ai'ches.  This  necessarily 
neutralizes  the  thrust  of  the  arch  in  part  or  entirely,  and  may  fre- 
quently require  the  thickness  necessary  to  resist  the  inward  press- 
ure of  the  earth,  as  the  side  walls  of  tunnels,  or  those  of  retain- 
ing-walls.  In  another  paragraph  Mr.  Eankine  gives  the  thickness 
of  the  abutments  at  from  one  fifth  to  one  third  the  radius  of  curva- 
ture at  the  crown. 

Mr.  Trautwine's  rule  is  as  follows :  When  the  clear  height  of  the 
abutment  above  the  ground  does  not  exceed  one  and  a  half  times 
its  thickness  at  the  ground  surface,  in  other  words,  if  the  thickness 
at  the  ground  is  taken  at  two  thirds  the  height,  then  the  thickness 
at  springing  is  in  feet 

_  radius  in  feet      rise  in  feet  .  ^  »    . 
-  g  +        Y6        +  ^  ^®®^ 

Mr.  Baker  gives,  as  the  formula  used  by  German  and  Russian 
engineers, 

^  =  1  +  0.04(55  +  4A), 

in  which  8  is  the  span  and  h  is  the  height  of  the  abutment,  i.e.,  the 
springing-line,  above  the  top  of  the  foundation;  presumably  this 
means  the  clear  height  above  the  ground. 

The  French  rule  seems  to  give  an  average  thickness  for  the 
abutments  from  one  third  to  one  fourth  the  span,  reaching  as  high 
as  one  half  in  some  cases,  and  rarely  less  than  one  fourth  the  span. 

STONE  AND   BEICK  MASONRY  ARCH  BRIDGES. 

691.  In  Fig.  280  is  shown  longitudinal  and  cross-section  of  one 
of  a  series  of  seven  brick  arches  for  a  bridge  of  818  feet  in  length, 
constructed  over  the  Baritan  River,  N.  J.  Each  of  these  has  a 
span  of  75  feet.  They  are  built  on  a  skew  of  80°.  The  arches  are 
of  brick,  with  a  granite  ring-course  at  their  ends.  The  rise  is 
15  feet,  or  one  fifth  of  the  span,  which  is  small  for  this  kind  of 
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maBoiiry.  The  joints,  owing  to  the  email  difference  in  length 
between  the  intrados  and  extradoe,  can  be  easily  broken  without 
special  trouble.  For  this  purpose  the  bond  is  secured  by  using 
five  eonrsoB  of  stretchers  and  then  a  course  of  headers.  The  stone 
maeonry  for  the  piers  is  of  rock-faced  Stockton  stone,  in  courses 
not  less  than  15  inches  in  thicknesB,  alternating  header  and 
stretcher.  The  beds  are  not  less  in  width  than  the  thickness  of 
the  course,  with  vertical  joints  dressed  not  less  than  8  inches. 
The  total  cost  of  this  structure  was  $99,000. 


The  centre  portions  of  the  pier  are  built  of  good  rubble.  The 
ice-breakera  have  no  projectiona  of  over  £  inch  on  the  faces.  The 
skew-backs,  of  Stockton  stone  have  sufficient  area  to  take  the 
whole  bearing  of  the  arch  on  one  stone;  each  of  these  are  dressed 
to  a  bed  of  3  feet.  The  best  hydraulic  cement  was  used.  The 
piers  have  a  thickness  of  10  feet  at  the  springing  and  13  feet  at  the 
base.  The  abutments  are  14  feet  at  springing  and  15  feet  at  the 
base. 

The  arches  are  built  of  the  beat  hard-burned  brick,  laid  5  courses 
of  stretchers  and  1  of  headers,  with  thin  joints.  The  stone  masonry 
ring-conrses  are  2  feet  in  thickness,  alternating  1^  and  2  feet  in 
length.  These  are  of  rock-faced  granite,  with  1-inch  chisel-dranght. 
The  brick  arch,  between  granite  ring-courses  at  each  end,  is  3  feet 
5  inches  thick  at  the  crown  and  3  feet  5  inches  at  the  springing.  The 
spandrel-walls  are  built  of  coursed  rock-faced  masonry,  with  beds 
dressed  li  times  the  thickness  of  the  course,  vertical  joints  dressed 
for  6  inches  from  the  face,  and  with  |-inch  chisel-draughts.  The 
filling  or  backing  of  the  piers  and  over  the  arch  is  good  rubble. 
The  upper  surface  of  the  backing  is  sloped  so  as  to  carry  the  water 
to  drains  over  the  piers,  and  is  covered  with  a  layer  of  mortar  1 
inch  thick.  Over  this  is  a  3-inch  layer  of  gravel  used  for  drainage 
purposes.  Above  this,  to  the  level  of  the  subgrade  of  the  roadway, 
is  placed  earth  rammed  in  layers.     The  roadway  is  25  feet  wide; 
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this  is  formed  of  Belgian  blocks  of  trap-rock,  and  6  inches  thick, 
resting  on.  a  3-inch  layer  of  clean  sand.  The  joints  between  the 
blocks  are  filled  with  sand.  The  sidewalks,  5  feet  6  inches  wide, 
are  formed  with  granite  flagging  bedded  on  top  of  the  spandrel- 
wall.  An  iron  railing  completes  the  structure.  The  grade  of  the 
roadway  over  arches  is  0,7  per  cent. 

The  calculated  horizontal  thrust  at  the  crown  was  36,000  pounds 
and  at  the  springing  56,400  pounds  per  foot  of  length;  and  as  the 
thickness  or  depth  of  arch  at  the  crown  and  springing  are,  respec- 
tively, 29  and  41  inches,  the  areas  per  foot  of  length  ai'e  348  and  492 
square  inches,  giving  as  the  thrust  on  the  brickwork  at  crown  and 
skew-back,  respectively,  103.5  and  114.5  pounds  per  square  inch, 
and  assuming  the  crushing  strength  of  brick  at  1750  pounds  per 
square  inch,  there  results  a  factor  of  safety  of  15.2  nearly.  The 
details  and  general  dimensions  are  shown  in  the  drawings. 

A  large  brick  arch  has  been  contracted  for  over  Jones  Falls, 
Baltimore,  with  the  following  general  dimensions  and  design. 
Span,  130  feet;  thickness  at  crown,  5  feet.  It  is  a  skew-arch,  built 
in  ribs  set  with  projections  on  top  of  the  piers.  The  ribs  are  4 
feet  wide.  The  piers  are  built  with  plane  faces  and  set  at  the 
proper  skew. 

692.  Much  study  has  been  given  by  German  engineers  to  the 
theory  and  practice  of  arch  construction,  with  satisfactory  results 
in  many  respects,  both  in  regard  to  simplicity  of  design  and  econ- 
omy in  construction.  Their  arches  do  not  spring  from  vertical- 
faced  abutments  at  points  high  above  the  ground,  but  both  the 
curves  of  the  intrados  and  extrados,  or  curves  parallel  to  them, 
extend  well  into  the  ground,  and  they  spring  from  natural  abut- 
ments, or  artificial  ones  constructed  of  Portland  cement,  in  which 
are  placed  frequently  large  blocks  of  stone  set  on  radial  lines.  The 
curve  of  the  intrados  is  usually  segmental,  or  of  the  basket-handle 
form.  The  apparent  arch,  or  that  portion  above  the  ground, 
has  a  small  rise  in  proportion  to  the  length  of  the  span — generally 
only  1  in  10.  The  beton  is  composed  of  1  cement,  3  sand,  and  1 
broken  stone,  and  in  arches  of  short  span  the  large  blocks  of  stone 
are  imbedded  to  as  much  as  30  per  cent  of  the  mass.  For  spans 
under  98  feet  in  width  the  arches  are  themselves  constructed  of 
beton,  composed  of  1  cement,  3  sand,  4  broken  stone.  Sometimes 
the  end  ring-courses  are  cut  stone,  the  concrete  being  used  for  the 
body  of  the  arch.  The  spandrel  is  of  rock-faced  broken-range  ma- 
sonry, the  mortar  being  1  cement  and  1^  sand.     In  large  arches  the 
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usual  cat-stone  Toussoirs  are  used  backed  with  rougher  masonry. 
The  joint*  between  the  voussoira  are  from  0.6  to  0.8  inch  in  thick- 
nesG,  and  dry  cement  is  packed  in  them  with  thin  iron  tamping- 
toola.  Instead  of  solid  spandrel- walls,  columns  arched  over  are 
used  to  support  the  roadway  above  the  hannchee  of  the  arcb. 
The  faaanches  are  built  of  rubble-stone  and  cement  mortar,  or  of  a 
concrete  composed  of  1  cement,  3  sand,  and  3  grafel.  The  arches 
are  covered  with  a  layer  of  cement  mortar  about  1  inch  thick,  which 
itself  is  covered  with  a  layer  of  asphalt  0.3  inch  in  thickness,  on  the 
surface  of  which  the  water  is  carried  to  outlets  near  the  springing. 
The  thickness  of  the  arch^ring  is  reduced  to  a  minimum  consistent 
with  safety. 

Under  the  ordinary  methods  of  conatmcting  masonry  arches  of 
long  spans  cracks  are  not  uncommonly  developed  on  striking  the 
centres,  caused  by  a  sinking  at  the  crown  of  1,  3,  or  more  inches. 
To  obviate  this  trouble  several  means  have  been  suggested,  such 
as  rounding  the  joint  of  the  voussoir  above  the  joint  of  rupture,  or 
leaving  the  middle  portion  flat  and  rounding  the  two  portions  of 
the  surface  on  either  side  of  it.  Either  of  these  methods  would 
require  special  voussoir  stones  having  great  strength,  as  a  large 
pressure  would  have  to  be  distributed  over  a  relatively  small  sur- 
face. Such  methods  in  metallic  structures  would  be  practicable,  as 
it  is  easy  to  concentrate  at  the  point  of  rotation  a  sufficient  bearing 
surface,  but  they  fail  in  masonry  structures.  M.  Liebbrand,  of 
Stuttgart,  proposed  to  substitute  for  the  rounded  joint  a  thin  plate 
of  lead  0.8  inch  in  thickness.  These  plates  to  be  placed  iu  the 
joints  at  the  crown  and  the  points  of  rupture,  but  only  covering  the 
middle  third  of  the  joint,  which  should  be  left  open  above  and 
below.  Lead  has  the  property  of  spreading  laterally  without  losing 
its  cohesion.  The  effect  of  this  would  be  to  limit  within  a  small 
area  the  varying  positions  of  the  line  of  pressure  caused  by  perma- 
nent or  moving  loads  on  the  arch. 

898.  If  from  any  cause  the  curve  of  pressure  approached  too 
near  to  the  edges  of  the  plate,  causing  a  pressure  greater  than  the 
resistance  of  the  plate,  it  would  yield,  thereby  increasing  the  area 
and  reducing  in  proportion  the  pressure  per  unit  of  area. 

The  important  questions  to  be  determined  were  (1)  the  com- 
pressive resistance  of  lead  and  the  proportionate  lateral  yield  under 
different  pressures,  and  (3)  the  durability  of  lead  when  used  in 
joints. 

As  a  result  of  numerous  esperimeuts  it  was  found  that  sheets 
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of  soft  cast  lead  from  f  to  }  inch  in  thickness  would  snpport^  with- 
out yielding^  about  1700  pounds  per  square  inch;  that  with  a 
pressure  of  4200  pounds  per  square  inch  on  cubes  of  3^  inches  on 
the  edges  the  lateral  yield  or  increase  of  area  was  in  the  ratio  of  1 
to  1.3,  decreasing  the  unit  pressure  in  the  same  ratio,  or  to  about 
3231  pounds.  Increasing  the  pressure  to  12,780  pounds  per  square 
inch  on  the  original  surface,  the  horizontal  section  increased  so 
rapidly  that  the  unit  pressure  only  increased  in  the  ratio  of  1  to 
1.27,  at  which  it  remained  practically  constant. 

As  to  the  question  of  durability,  it  is  known  that  the  Romans 
used  sheets  of  lead  between  cut  stones;  and  arched  bridges  built 
from  forty  to  sixty  years  ago  had  sheet  lead  inserted  in  the  joints 
for  the  purpose  of  securing  a  uniform  distribution  of  the  pressure. 

The  only  question,  then,  to  be  considered  is  the  great  reduction 
of  the  available  area  of  joint  surface  at  the  crown  and  joints  of 
rupture,  whereby  the  adjacent  stones  will  be  subjected  to  a  very 
high  unit  pressures  over  about  one  third  of  their  depths.  The  only 
remedy  for  this  is  either  to  provide  particularly  strong  stones,  such 
as  basalt,  granite,  or  silicious  sandstone,  or  to  subject  the  stones  in 
those  positions  to  unusual  unit  pressures,  the  pressure  per  square 
inch  varying  in  some  actual  structures  from  700  to  1704  pounds 
per  square  inch,  and  it  is  claimed  that  a  stone  possessing  a  resist- 
ance of  from  10,^650  to  11,360  pounds  per  square  inch  will  be  suflfi- 
ciently  strong,  giving  an  average  factor  of  safety  of  10. 

694.  The  following  are  examples  of  some  of  the  German  arches, 
with  the  cost  based  upon  an  area  equal  to  the  horizontal  projection 
of  the  arch  included  between  the  foundations: 

Table  LVII. 

Bridge.  Arch  Span.  ^jSlrit: 

Over  the  Bnz 147.6  feet  $3.20^ 

"      "      '*      67.57  2.09 

«      «   Glatt 68.22  1.46^ 

«      "   Murr 139.7  2.43i 

In  Pig.  281  is  shown  a  half  section  of  the  arch  over  the  Enz. 
The  span  along  AB  at  the  foundation  level  is  147.6  feet;  the  ap- 
parent opening  along  CD  is  98.8  feet,  with  a  rise  of  9.2  feet;  the 
width  between  parapets,  12.8  feet,  of  which  8.2  feet  is  roadway. 
The  foundation-bed  is  sandstone,  and  covered  with  a  bed  of  sand 
and  gravel.     Portland  cement  was  used  in  the  foundation  and 
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masonry.  The  specified  test  for  this  cement  was  that  briquettes 
of  1  cement  and  3  sand  shoald  show  a  tensile  strenglh  of  113 
ponnds  per  aqnare  inch  when 'seven  days  old,  one  day  in  water 
and  sis  days  in  air,  if  qnick-setting,  and  138  pounds  for  slow- 
setting.     The  reverse  rule  is  adopted  usually  in  this  country.     The 


-iSi 


buried  portion  of  the  arch  is  made  of  beton  containing  rough  stone 
laid  with  radial  joints.  The  centring  (or  this  portion  of  the  arch 
was  a  bed  of  stone  covered  with  a  coating  of  dry  mortar.  The 
timber  centre  rested  upon  piles  and  temporary  piers.  The  direct 
supports  rested  upon  sand,  in  boxes  10  inches  square  and  4f  inches 
deep.  The  sand  was  washed  and  dried  and  kept  from  again  be- 
coming wet.  The  centre  was  loaded  with  all  of  the  voiissoirs 
before  commencing  the  arch  work.  This  latter  work  was  com- 
pleted in  two  days  after  commencing.  The  entire  arch  was  bnilt 
of  sandstone  having  a  resistance  to  crushing  of  13,277  pounds  per 
square  inch.  Thickness  of  arch  at  crown,  i?,  =  3.28  feet ;  at  spring- 
ing, D,  4.92  feet.  The  buried  portion  was  increased  in  thickness 
to  6.56  feet  at  D,  and  at  GB  to  13,12  feet.  The  soft  lead  plutea 
are  1.64  feet  wide  by  J  inch  thick,  and  are  placed  as  shown  at 
the  crown  B,  and  the  second  joint  above  the  springing  D.  The 
masonry  joints  were  5  inch,  secured  by  blocks  of  wood  2  inches  x  J 
inch.  After  laying  a  row  or  string-course  of  voussoirs,  the  joints 
were  washed  and  calked  with  tow  to  a  depth  of  \i  inches,  and 
finished  with  a  pointing-mortar  of  1  cement  and  1^  sand  driven  In 
with  a  calking-tool.  The  last  five  joints  near  the  key  were  made 
at  tbo  same  time.  Eight  masons  and  eight  helpers,  working  on 
the  two  halves  in  two  gangs,  laid  the  whole  arch  in  seven  and  a 
quarter  working  days. 

690.  Five  days  after  completion  the  sand-boTes  were  tapped,  but 
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the  centre  was  only  lowered  0. 117  inch.  In  twenty-eight  days  it 
was  lowered  again,  the  crown  sinking  1^  inches  up-stream  and  1 
inch  down-sti'eam ;  and  in  thirty-five  days  the  centre  was  struck 
entirely.  The  sinking  at  the  crown  was  found  to  be  If  inches 
up-stream  and  1^  inches  down-stream.  The  total  sinking  in  the 
subsequent  four  weeks,  with  all  of  the  masonry  completed,  was  2J 
inches  up-stream  and  2^  inches  down-stream.  As  far  as  obserred 
no  further  settlement  had  occurred.  The  lead  plate  at  the  crown 
was  found  in  perfect  contact  with  the  voussoirs  over  the  entire 
width  of  the  plate.  At  the  intrados  its  thickness  had  decreased 
0.03  inch^  and  at  the  extrados  about  0.1  inch.  The  pressure, there- 
fore, was  not  uniformly  distributed,  the  line  of  pressure  meeting 
the  joint  above  the  middle  point,  but  within  one  sixth  of  the  width 
of  the  plate.  The  greatest  pressure  upon  the  edge  of  the  lead 
sheet  did  not  exceed  1628  pounds  per  square  inch,  and  the  pressure 
on  the  adjoining  voussoirs  could  not  have  exceeded  398  pounds  per 
square  inch.  On  examining  the  leaden  plates  at  the  springing- 
liiies  on  one  abutment  the  joints  at  the  extrados  had  opened  0.01  on 
the  down-stream  and  0.05  inch  on  the  up-stream  face,  and  on  the 
opposite  abutment  0.007  and  0.014  inch  at  the  corresponding  posi- 
tions. On  the  intrados  the  joints  had  closed  on  one  abutment  0.12 
on  the  down-stream  and  0.06  up-stream;  and  on  the  opposite  one 
the  ink*ados  closed  0.9  and  0.11  inch  at  corresponding  points.  The 
leaden  sheets  were  free  along  their  upper  portions,  so  much  so  that 
only  1.15  feet,  instead  of  the  full  width  of  1.64  feet,  was  in  con- 
tact with  the  voussoirs.  Calculation  showed  that  the  curve  of 
pressure  met  these  joints  about  5 J  inches  below  the  middle  of  the 
sheet  of  lead.  The  pressure  on  the  lower  edge  of  the  lead  plate 
reached  1846  pounds  per  square  inch,  but  the  plate  did  not  yield. 
The  maximum  pressure  on  the  adjoining  voussoirs  was  327  pounds 
per  square  inch.  No  fissures  or  cracks  were  observed  in  any  part  of 
the  masonry. 

After  completion  of  the  work,  the  tow  in  the  lead  joints  was 
cleaned  out  and  cement  mortar  packed  in. 

The  total  time  consumed  in  the  construction  of  this  arch  was 
ten  months,  and  the  total  cost  $6079^  -  The  cost  per  square  foot  of 
the  projection  of  that  portion  of  the  arch  above  ground  was  $5.15, 
whereas  for  the  actual  span  of  147.6  feet  it  was  $3.20^  per  square  foot. 

The  cost  of  the  arch  bridge  shown  in  Pig.  280  was  $99,000. 
This  included  a  trussed  draw-span. of  130  feet  and  a  plate-girder 
span  of  62  feet  in  length.    Estimating  the  entire  length  as  an  arch. 
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and  Uking  the  projected  area,  the  cost  wonld  be  about  $3.4G  per 
square  foot. 

698.  The  following  example  of  a  concrete  arch  is  given  as  show- 
ing an  application  of  the  same  principle  used  in  the  case  of  the 
lead-plate  joint: 

Span,  105  feet;  rise,  13.1  feet;  thickneea  at  crown,  19.T  inches; 
at  the  springing,  27.5  inches;  ahntmente,  8.2  feet  in  thickness  to 
low-water  mark,  11.5  feet  below.  Concrete  in  abutments,  1  cement, 
2  sand,  6  gravel,  and  ^  part  of  broken  limestone;  for  haunches  of 
the  arch,  1  cement,  1^  saad,  3  gravel;  near  crown,  1  cement,  1 
sand,  3  gravel.  At  the  joints,  at  crown,  and  at  springing,  asphalt 
plates,  j'and  ^  inch  respectively,  made  of  several  layers,  were 
placed.  After  the  arch  had  settled  1.9  inches  the  asphalt  plates 
were  reduced  to  a  uniform  thickness  ol  j  inch.  The  total  sinking 
of  the  arch  was  4.7  inches.  It  was  claimed  that  by  this  construc- 
tion cracks  in  the  arch,  as  well  as  movements  of  the  abutments, 
were  prevented. 

897.  The  two  following  examples  are  of  arches  used  under 
earthen  embankments  respectively  40  and  154  feet  high.  The  span 
in  each  case  ia  20  feet;  rise,  10  feet.  The  height  of  the  abutments 
above  gronnd  is  10  feet  in  the  first  case,  and  assumed  to  be  the 
Game  in  the  second  uase.  Therefore  the  height  of  the  earthen  bank 
above  the  soffit  of  the  arch,  that  is,  including  the  arch-ring,  in  the 
two  cases,  is  20  feet  for  the  first  and  134  feet  for  the  second  arch. 
The  engineers  who  designed  these  arches  gave  for  the  first  an  arch- 
ring  23  inches  in  thickness,  and  the  same  from  crown  to  springing; 
and  for  the  second  3  feet  at  the  crown  and  4  feet  at  the  springing. 

By  Traotwine's  rule: 

Thickness  at  crown  in  feet  =  ♦^i  «P^°^+  ^^^"^  +  o.2  foot 

=  1.32  feet  =  16  inches. 
By  Rankine'a  rule: 

Depth  of  key  in  feet  =  V0.12r  =  1.1  feet  =  13i  inches. 
From  the  rules  of  the  French  engineers  the  following  are  taken : 
Depth,  in  feet,  at  the  crown  =  d; 

d  =  1-jij  +  jij  span  in  feet  =  1.955  feet  =  23^  inches. 

With  a  rise  of  Jt  of  the  span,  d  =  1  -(-  0.05  radius  =  18  inches.    With 

a  rise  -jV  of  the  span  d  =  1  +  0.02  radius;   and  for  elliptical  or 

basket-handle  arches  with  a  rise  i  of  the  span,  d  =  I  -\-  0.07  radius. 

The  numerical  results  obtained  above  are  for  the  semi-circular 
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arches  aboye  mentioned.  From  which  we  see  that  both  Traut- 
wine's  and  Eankine's  mle  give  less  thickness  than  actually  used. 
The  first  French  rille  giyes  about  the  actual  thickness  used  for  the 
arch  under  the  lower  embankment,  but  much  less  than  that  used 
under  the  higher.  These  formulae  do  not  seem  to  contemplate  any 
increase  of  thickness  with  an  increase  of  load  above  the  crown,  and 
the  question  naturally  arises,  was  there  any  necessity  for  the  engi- 
neer making  the  arch-ring  under  the  high  embankment,  134  leet 
above  the  crown  of  the  arch,  as  much  as  3  feet  at  crown  and  4  feet 
at  the  springings. 

698.  Apply  the  principle  that  the  thrust  at  the  crown  is  the 
intensity  of  the  pressure  or  load  above  multiplied  by  the  radius  of 
curvature,  i.e.,  T^  =  J»o^o  >  *^^  allowing  150  pounds  as  the  load  per 
unit  of  length  of  the  arch,  then,  for  the  first  case, 

p^  =  150  X  20  =  3000  pounds;    r,  =  10. 

Hence  T^  =  30,000  pounds.  Allowing  200  pounds  per  square  inch 
as  a  safe  resistance,  then  the  area  per  unit  of  length  of  the  arch 
would  be  ^tfj^  =  150  square  inches,  and  depth  of  keystone  =  ^ 
=  12.5  inches.  Therefore  both  theoretical  and  empirical  formulae 
show  that  a  depth  of  keystone  of  23^  inches  is  unnecessary  for  a 
span  of  20  feet  and  a  load  above  the  crown  of  20  feet.  Applying 
the  same  principle  to  the  load  of  134  feet,  jt>^  =  134  x  150  =  20,100; 
r,  =  10.  Hence  T^  =  201,000,  which,  allowing  200  pounds,  the 
area  per  foot  of  length,  will  be  *VrfV^  =  1^^^  square  inches,  or  a 
depth  of  7  feet,  whereas  the  actual  depth  is  3  feet,  and  the  empiri- 
cal rules  give  only  from  13^  to  23^  inches.  If,  however,  as  the 
writer  believes,  it  is  safe  practice  to  limit  the  load  to  that  due  to  a 
height  of  40  feet,  whatever  may  be  the  actual  height  of  the  earth 
above  the  crown,  the  last  example  would  reduce  to  p^  =  150  X  40 
=  6000  pounds,  T^  =  6000  X  10  =  60,000,  the  area  per  unit  of 
length  =  A.g  n  ftjL  =  300  square  inches,  and  the  depth  at  the  crown  = 
2.1  feet.  The  above  discussion  shows  the  inconsistencies  or  differ- 
ences between  the  practice,  the  theory,  and  the  empirical  rules  as 
usually  given  and  acted  upon.  The  empirical  rules  seem  to  be 
based  upon  the  thickness  of  long-span  arches  with  a  depth  of  ma- 
terial of  probably  not  over  8  or  10  feet,  which,  so  far  as  the  writer 
has  any  information,  is  usually  the  condition  for  arches  of  long 
span.  It  is  clearly  advisable  to  increase  the  thickness  of  the 
arch-ring  as  the  depth  of  the  load  increases  up  to  the  limit 
above  given;  and  while  these  empirical  formulae  give  no  doubt 
an  excess  thickness  of  arch-ring  for  low  embankments,  it  would 
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hardly  be  good  practice  to  use  any  thinner  arch-ring  than  those 
given  by  the  empirical  rules. 

For  the  reason  that  while  with  depths  under  8  or  10  feet  abore 
the  crown  the  load  is  light,  and  therefore  the  theoretical  formulse 
give  a  lees  thicknesB  than  the  empirical  formulEe,  the  former  take 
uo  cognizance  of  the  eSects  of  vibrations  and  the  tendeacy  to 
change  the  position  of  the  line  of  pressures,  while  the  latter  presum- 
ably do  provide  for  both  of  these  contingencies.  The  greater  the 
intensity  of  the  dead  load,  the  less  the  proportionate  effect  of  mov- 
ing loads  in  causing  vibrations  and  changes  in  the  position  of  the 
line  of  pressures,  and  consequently  the  more  the  reliability  of  the 
theoretical  formulce  up  to  the  above  specified  depth  of  load. 

699.  The  following  list  gives  a  few  examples  of  various  lengths 
of  spans  for  arches,  with  which  the  engineer  can  form  an  idea, 
when  designing  an  arch  of  any  given  span  for  any  specific  purpose, 
of  how  far  from,  or  how  near  to,  he  may  be  conforming  to  the  prac- 
tice  of  other  engineers. 


Cabin  John  Aqueduct  .Washing- 
ton. D.  C 

Grosvenor  Bridge.  Cheater,  Eng.. 

Elyrla,  Ohio 

Turin.  luly 

Neiiilly,  Frunce 

Creshelm     Sewer    Arch    (ssud- 

Ellierow  (Eng.')  Railnmd'. .'.'.'.'. . 

Leeds  (Eng.) 

Oise  River(France)  Railroad.... 

WeslminBter,  Looaon   

Chestniil    Street,     Philadelphia 

(brick  in  cement) 

Bewdly  (Eng.) Turnpike. .. 
Filbert       Slreet.      Philadelphia 

(brick  in  lime  morlar) 

Ougnon  River  Prance 

PUilHdelpliia  &  Reading  R.R. 

Arbola,  France 

Che«apeakei&Ohlo  Canal  (rubble 

in  cement)  


All  of  the  arches  nre  circular.     All  dimeusloDB  given  In  reel. 
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Table  LIX. 


Span. 


Gloucester,  Eng 

Londou,  Eng.  (granite) 

Trilport  (France)  Railroad 

Bow  Bridge  (Eug.)  Turnpike. . . 

Chesapeake  &  Obio  Caual  Via- 
duct  

Avon  Viaduct,  Eng.  (brick  in 
cement) ... 


150 

120 

81 

66 

64 

50 


Rise. 


85 

82 
28 
13.75 

9 

15 


Radius  at 
Crown. 


98 
112 

47 

45 

28.8 


Thfdmev. 


At 
Crown. 


4.5 
4.5 
4.45 
2.5 

2.6 


At 

Springing 


8 


Tbe  above  arches  are  elliptic  in  form,  all  dimensions  in  feet. 

Some  examples  of  skew  arches  have  been  described  and  illus- 
trated. The  largest  skew  arch  known  to  the  writer  is  to  be  built 
of  brick;  span'  130  feet,  rise  ,  radius  at  crown 

The  skew  is  to  be  obtained  by  a  series  of  projecting  ribs  instead  of 
the  regular  skew  form.  The  thickness  at  the  crown  is  5.0  feet, 
and  at  the  springing  .    The  contract  has  been  let;  the 

cost  will  bo 

Tlie  Masonry-arch  Bridge  on  the  Eastern  Railway,  France,— 
This  structure  is  960  feet  long,  and  is  composed  of  seven  elliptical 
arches  127  feet  span  and  46  feet  in  height.  The  spandrels  over 
the  haunches  are  each  pierced  by  three  arches,  and  the  pillars 
between  them,  as  well  as  the  piers,  are  pierced  with  longitudinal 
openings  5  feet  wide  for  the  purpose  of  lightening  the  work.  The 
piers  are  hollow,  the  inner  space  being  4  x  10  feet;  the  width 
between  parapets,  14  feet;  the  proportion  of  superficial  area  in  solid 
to  that  hollow  is  19,378  to  38,756,  the  total  being  58,134  square 
feet.  Total  cost,  $107,000.  Average  cost  of  masonry,  $7.10  per 
cubic  yard.  Nearly  the  whole  of  the  masonry  is  built  of  stone  of 
small  size. 

The  following  table,  giving  the  dimensions  of  six  Gkilician 
bridges  and  two  French  bridges,  is  taken  from  The  Engineeriuij 
News,  December  7,  1893,  from  an  article  written  by  Mr.  John  C. 
Trau  twine.  The  Jaremize  Bridge,  of  213  feet  span,  is  the  largest 
masonry  arch  bridge  for  railway  traffic  in  the  world,  and  is  only 
exceeded  in  length  by  one  single-arch  bridge-span  for  any  purpose, 
namely,  the  Cabin  John  Aqueduct  (see  Table  LVIII).  The  condi- 
tions were  favorable  for  the  constniction  of  these  masonry  arches. 
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Good  stone  and  in  large  qnantitiea,  as  well  as  timber  for  the  centres, 
was  acceseible  and  relatively  cheap.  The  length  of  these  arches 
is  only  14.7  feet,  being  bnilt  for  a  single-track  railway. 

Numerous  eiperiments  were  made  on  arches  varying  in  width  of 
Bpan  from  4.43  to  18.28  feet,  and  also  five  arches  each  75.4  feet 
span,  6.56  feet  long  between  faces,  and  15. 1  feet  rise.  Two  of  these 
were  concrete,  one  of  mbble,  one  of  brick,  and  one  of  oat  stone. 


Table 

LX. 

» 

ThlcfcDea. 

Msrlmum  Unit 

t.',^' 

^uarefool. 

Jsremize  Bridge,  GaliclEk 

213.3 

6.89 

10.3 

06330 

1S7.4 

0.6 

8.6 

51405 

Woroclila      '•              "     

131.3 

4.6 

7.3 

43837 

113.5 

4.85 

8.7 

36044 

Zenlec           '•             '■     

72.3 

a. 6 

4.3 

40550 

TttWonica      "              "      

82.0 

5.3 

66864 

Vinduct  <lu  Gour  Nofr,  Fraoce. 

5.58 

la. 8 

63259 

Pool  du  Ceret,  France 

H7.6 

4.50 

18.1 

OS'iM 

For  arches  over  131.3  feet  cut  stone  was  nsed;  from  49.2  to  131. S 
feet  span,  rough  coursed  work;  for  smaller  arches,  rubble  of  flat 
stones.     The  mortar,  1  Portland  cement,  3^  sand. 

In  order  to  avoid  too  great  lending  of  the  centres  during  the 
erection  of  the  larger  arches,  the  innermost  ring  was  fii-st  bnilt 
entire,  and  the  second  ring  was  not  begun  nntil  from  two  to  three 
weeks  later.  It  was  then  commenced  in  at  least  four  different 
places  between  the  skew-backs,  bo  that  the  closing  of  the  ring  took 
place  simultaneously  at  not  less  than  three  points.  This  plan  was 
followed  in  all  arches  of  greater  span  than  53.5  feet. 

The  cost  of  the  arches  in  Table  LX  was,  in  the  order  of  their 
rinmberB,  $33,888,  118,868,  $14,632,  $16,432,  $7,140,  $6,064,  or  per 
sfjuare  foot  of  projected  area  $10.81,  $8.11,  $7.60,  $9.8.'>,  $6.73,  $5.03. 

The  Cresheim  sewer  arch.  116  feet  span,  the  third  longest  arch 
in  the  United  States,  has  a  width  between  outsidesof  parapet  wnlls 
i>f  10  feet.  Settled  only  about  3.3  inches  after  removing  centre. 
Cost  $15,875,  or  $13.41  per  square  foot  of  projected  area.  Including 
abntments,  however,  the  epan  would  be  about  140  feet,  and  cost  per 
square  foot  on  this  basis  about  $10.31. 

700.  Arches  under  15  to  20  feet  are  usually  called  culverts. 
They  frequently  have  high  embankments  over  them.     There  is 
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more  danger  of  snch  arches  being  subjected  to  excessive  loading 
and  shocks  dnring  the  operation  of  embanking  oVer  them.  For 
these  reasons^  and  for  the  additional  one  that  there  is  no  wisdom  in 
affecting  very  thin  arch-rings,  culverts  from  5  to  15  feet  span  have 
usually  a  thickness  of  from  10  to  18  inches  at  the  crown,  and  should 
be  well  backed  up  near  the  haunches^  The  abutments  have  a  thick- 
ness  of  from  3  to  6  or  8  feet  at  the  springing,  and  from  4  to  8  or  10 
at  the  base. 

Mr.  Bankine  gives  as  the  thickness  of  the  abutments  from  one 
third  to  one  fifth  of  the  radius  of  curvature  at  the  crown.  This 
doubtless  applies  to  arches  of  long  span,  as  few  engineers  would 
spring  an  arch  of  15  or  20  feet  span,  full  centre  even,  with  a  radius 
of  curvature  at  the  crown  of  7^  or  10  feet  from  an  abutment  having 
only  2  or  3  feet  thickness. 

ARCH  GULYEBTS. 

701.  The  dimensions  of  arch  culverts  have  been  given  in  the 
preceding  paragraph.  The  lengths  of  such  culverts  have  to  be 
determined  from  the  relative  total  heights  of  culverts  and  embank- 
ments. It  will,  in  general,  be  the  top  width  of  the  embankment 
increased  by  three  times  the  height  of  the  embankment  above  the 
top  of  the  parapet  or  spandrel  walls.  In  such  cases  wing  walls, 
either  straight  to  the  front,  splaying  out  at  angles  of  about  30°,  or 
parallel  to  the  face  of  the  arch,  must  be  provided.  Their  lengths 
must  be  suflBcient  to  prevent  the  possibility  of  the  earth  flowing 
around  them  into  the  waterway.  In  general  the  splay  or  inclined 
wings  are  used,  as  these  afford  a  larger  and  freer  entrance  and 
exit  to  the  water  flowing  through  them,  neither  damming  up  the 
water  nor  endangering  the  safety  of  the  embankments  by  the  water 
getting  behind  the  walls  and  abutments.  These  wings  usually 
leave  the  face  of  the  arch  two  or  three  or  more  feet  from  the  face 
of  the  abutment,  thereby  leaving  square  shoulders  on  either  side 
of  the  arch,  which  is  likely  to  catch  drift  or  ice,  thereby  forming  a 
gorge  and  obstruction  to  the  flow  which  may  endanger  the  safety 
of  the  arch  or  the  embankment. 

This  can  be  avoided  by  commencing  the  wings  at  the  face  of 
the  abutment  and  carrying  them  up  vertically  to  the  springing-line, 
but  throwing  the  face  of  the  wing  on  a  warped  batter  outwards  to 
its  extreme  end. 

Above  the  springing  the  wing  can  be  thrown,  by  an  offset,  be- 
hind the  extrados  of  the  arch.    This  prevents  any  obstruction  to 
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the  flow  for  a  height  eqaal  to  the  height  of  the  Bpriaging-line  above 
the  bed  of  the  stream. 

When  the  fouodatioDS  of  culverte  do  Dot  spring  from  a  rock 
bed,  the  bottom  of  the  culvert  is  uBnallj  paved  over  its  entire  snr- 
face  and  extending  to  the  extreme  outer  edge  of  the  wing-walls. 

The  paving-stonea  should  be  set  on  edge,  breaking  joints,  and 
slightly  lower  in  the  centre  than  at  the  aides.  Also,  at  the  ends  of 
the  arch  apron-walls  should  be  built  entirely  across,  and  often 
deeper  than  the  fonndation-beds  of  the  abutments  and  wing-walls. 
All  embankments  over  and  around  culverts  should  be  carefully 
constructed.  The  earth  should  be  placed  in  layers,  and  compacted 
lor  at  least  8  or  10  feet  from  the  abutments  and  wings,  and  for  an 
equal  depth  over  the  arch-ring.  This  work  should  be  done  on 
both  sides  at  thesame  time,  to  avoid  not  only  shocks  and  excessive 
pressures  on  the  arch,  but  to  avoid  unequal  loading  of  the  sides. 
With  these  precautions,  the  remaining  portion  of  the  earth  may  be 
filled  in  as  usnal.  It  is  far  better  to  make  the  openings  much  too 
large  than  the  least  too  small.  If  possible,  the  dimensions  of  some 
natural  and  contracted  channel  in  which  the  greatest  flood-water  is 
conflned  should  be  found  and  measnred,  and  this  should  be  the 
minimum  waterway  provided  for. 

B0X-CULVERT8. 

702.  Culverts  under  5-feet  span  are  usually  built  of  two  side 
walls  from  2  to  4  feet  in  thickness,  and  covered  over  with  long, 
broad  stones  from  10  to  16  inches  in  thickness,  leaving  square  or 
rectangular  openings,  generally  2  X  2,  2  X  3,  3  X  3,  3  x  4,  or  some 
such  dimensions,  for  the  passage  of  the  water  from  small  streams 
or  ditches.  Their  bottoms  are  usually  paved;  and  if  constructed 
on  loose  or  porous  earths,  sand,  or  gravel,  either  apron-walls  should 
be  built  at  their  ends  or  sheet-piles  should  be  driven  to  prevent  the 
possibility  of  scouring  action  under  the  culverts.  Often  double 
culverts  are  used.  These  are  constructed  of  three  walls  covered 
over  with  flat  stone,  leaving  two  openings  side  by  side.  Masonry 
box  culverts  are  clearly  shown  in  the  drawings,  Figs.  282  (a),  (b), 
(c),  and  (rf).  When  the  opening  is  wide,  one  or  two  courses  at  the 
top  of  the  side  walls  are  made  to  project  inwards,  over  which  the 
covering  stones  are  placed,  allowing  the  use  of  shorter  covering 
stones. 

703.  Timber  culverts  are  often  used.    These  may  consist  of 
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two  side  walU  built  of  solid  timbers,  and  coTered  over  also  with 
solid  beams.  Or  a  series  of  frames  may  be  conatracted  and 
planked  on  all  sides. 

These  should  be  pared,  or  have  a  course  of  plank  under  tbe 
walls.  Such  culverts  under  high  embankments  should  not  be  used 
if  it  is  practicable  to  avoid  them :  aud  when  so  used,  it  is  advis- 
able to  make  them  of  sufficient  dimensions,  that  at  some  subse- 


quent time  masonry  culverts  can  be  built  inside  of  them,  still  leav- 
ing ample  waterway. 

If  necessary  for  this,  three  or  more  timber  walls  should  be 
built,  leaving  two  or  three  openings  side  by  side.  For  low  em- 
bankments, or  where  the  top  of  the  culvert  is  level  with  the  sub- 
grade  of  the  road,  there  is  no  special  objection  to  their  use,  aa  they 
can  be  always  residily  reached  for  repairs,  and  in  some  respects  are 
better  than  rough  masonry  walls  subjected  to  violent  shocks  and 
vibrations.  Timber  culverts  are  clearly  shown  in  Figs.  283  (n) 
and  (6)  for  solid  walls,  and  Pigs.  284  (a)  and  (b)  for  frames  and 
sheeting. 

VTTRIFIBD-PIPE    CHLVEETS. 

701.  For  openings  under  2  feet  square  the  vitrified  salt-glazed 
earthen  pipes  may  be  nsed  instead  of  culverts.  These  should  be 
well  bedded  on  beds  of  sand  or  fine  earth ;  and  to  prevent  scour 
their  ends  should  be  protected  by  small  timber  or  masonry  head- 
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796  PROPER  DIMENSIONS  OP  WATER-WAYS. 

walls.  These  pijpes  have  been  used  to  a  very  great  extent,  often 
with  entirely  satisfactory  results.  There  is  great  danger  of  their 
breaking  under  heavy  weights  or  shocks,  and  especially  of  opening 
at  the  joints  when  badly  laid;  and  in  some  cases  they  may  do 
more  harm  than  good.  But  with  the  best  pipes,  carefully  handled 
and  bedded,  good  results  may  in  general  be  expected. 

For  very  small  openings,  very  rough  and  roughly-laid  stone— 
for  an  opening,  well  defined,  of  12  inches  square,  more  or  less, 
covered  over  with  loosely-piled  broken  stone— will  answer  every 
purpose  to  prevent  the  accumulation  of  surface-water  in  hollows 
during  the  rainy  seasons,  where  no  continuous  drain  is  necessary. 

It  is  the  part  of  wisdom  and  good  practice  to  be  liberal  in  the 
use  of  some  of  these  small  and  economical  forms  of  drainageways. 
If  some  means  of  passing  water  under  embankments  in  all  hollows 
is  not  provided,  it  is  perfectly  certain  that  the  water  will  find  or 
make  a  passageway  for  itself,  not  only  resulting  in  much  expendi- 
ture of  money  either  for  repairs  or  in  damage  and  destruction  of 
property  and  in  damages  for  loss  of  life. 

Many  serious  disasters  have  occurred  from  giving  too  little  water- 
way, either  in  the  dimensions  of  single  culverts  or  in  the  employ- 
ment of  an  insufficient  number  of  culverts,  properly  distributed 
along  the  line.  The  water  from  heavy  falls  of  rain,  being  dammed 
up  by  the  embankment,  finds  its  way  into  the  interior  of  the  mass, 
which  may  not  of  itself  disturb  its  stability,  but  when  a  heavy  train 
is  run  over  the  embankment  the  excessive  load  causes  a  settling 
and  spreading  of  the  material,  resulting  in  the  derailment  and  de- 
struction of  the  train.  Therefore  the  importance  of  providing 
ample  openings,  both  in  number  and  dimensions,  cannot  be  too 
strongly  urged  as  both  good  practice  and  economical.  Experience 
proves  that  it  is  not  always  safe  to  assume  that  the  highest  recorded 
flood  will  never  be  exceeded,  and  a  margin  of  safety  should  be 
provided. 

ARCHES  OF   CONCRETE. 

706.  The  increasing  employment  of  concrete,  especially  in  the 
construction  of  arches,  renders  any  information  on  the  resistance 
of  concrete  to  transverse  strain  and  thrusts  of  considerable  value 
and  importance.  The  following  are  the  results  of  some  experi- 
ments made  by  Mr.  A.  F.  Bruce,  an  English  engineer.  Experi- 
ments were  made  with  hard  and  soft  sandstone,  whinstone  gravel, 
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Band  from  sand-pits,  river  sand,  and  sand  prepared  by  crushing 
sandstone  and  whinstone.  The  proportions  used  were  such  that  in 
every  f.aae  aU  voids  were  filled,  (1)  the  voids  in  sand  with  cement 
and  (3)  those  in  the  stones  with  mortar.  These  voids  were  care- 
fnlly  ascertained,  and  foand  to  vary  in  sand  from  33  ^o  34  percent, 
in  gravel  34  per  cent,  in  broken  sandstone  40  to  42  per  cent,  and  in 
whinstone  from  46  to  50  per  cent. 

The  bars  for  determining  transverse  strength  were  30  inches  long 
and  4  inches  aqaare.  The  blocks  were  left  in  the  moulds  for  five 
days;  they  were  left  in  water  until  a  day  before  they  were  to  be 
tested.  Then  they  were  taken  out  and  weighed.  After  being 
allowed  to  dry  they  were  again  weighed,  the  difference  in  weight 
being  taken  as  a  measure  of  the  porosity.  Only  one  or  two  were 
broken  the  same  day,  in  order  that  the  growth  of  strength  with 
age  might  be  determined.  The  ends  of  the  bar  were  held  down 
by  clamps,  giving  a  clear  span  of  27  inches.  The  clips  were  re- 
moved from  a  testing-machine  and  a  bar  substituted,  by  means  of 
which  and  a  stirrup  connection  passing  beneath  the  bar  to  be  tested, 
and  by  the  usual  method,  the  bar  was  broken.  The  modulus  of  rup- 
ture was  then  calculated  from  the  usual  formula, 

n(H7  =  nfbd*;    m  =  i;    «  =  ^;    /=  oTTiJ 

and  Bubstituting  dimensions  of  bar  J  =  37, 6  =  4,  and  d  =  i  inches, 
the  modulus  of  rupture  becomes  for  this  particular  case  /=  0.633tf. 
706.  In  order  to  ascertain  the  strength  of  concreto  in  resisting 
a  thrast,  a  number  of  arch  ribs  were  built.  The  centring  at  first 
had  10  feet  span  with  5  feet  8  inches  radius,  but  in  later  experi- 
ments the  span  was  reduced  to  3  feet,  the  radius  remaining  the 
same.  The  ribs  were  made  2  inches  square  at  the  crown  and  in- 
creasing in  thickness  towards  the  haunches,  the  top  being  level. 
The  ribs  sprung  from  firm  and  substantially  built  abutments.  The 
concrete  was  kept  moist  while  setting  by  throwing  wet  bags  over  it. 
They  were  broken  by  weighting  the  crown,  for  a  length  of  18  to  24 
inches,  with  lead  weights  of  1  cwt.  (113  lbs.)  each,  using  ordinary 
weights  for  the  smaller  increments  required.  The  haunches  were 
weighted  to  balance  the  effects  of  the  weight  at  the  crown.  The 
unit  crown-thrust,  i.e.,  the  thrust  per  square  inch  of  cross-sections 
was  found  by  the  formula  7",  =  p,r^  for  total  thrust,  and  for  the 

T        nr 
intensity  per  square  inch  1,  =  —'-=  '-~°,  in  which  p,  =  the  weight 
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per  foot  Tun,  r,  =  radius  of  curvature^  and  A,  the  area  of  cross- 
section  in  square  inches.      The  number  of    tests  for  transTerae 
strength  was  about  300;  that  for  thrust  was  more  limited. 
The  following  table  gives  some  of  the  results. 

Table  LXI. 

showing  thb  rbsibtaneb  of  archbs  to  fracturb,  the  modulus  of 
ruptuke,  and  the  ratio  between  thb  two. 

The  moduhia  of  rupture,  /,  and  the  resiatance  to  thrust,  «,  ezprosaed  In  pounds  per 
square  iuch. 

Age  in  Weeks. 


1  Oementto— 


1 1 


8  Sandstone,  ) 

S         *'  crushed  \ 

5  SandHtone,  \ 

2i  crushed  f 

7  Saiulgtone,  ( 
a                     crualied 
S  Whinstone, 
U        *'         crushed 
U  .Sandstone 
«  Whinstone,               ( 
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*  Yielded  prematurely  owing  to  insufficient  loading  on  one  haunch. 

The  ratio  s/f  shows  the  tendency  to  increase  with  age,  that  is^ 
the  power  to  resist  crushing  stress  grows  faster  than  the  transverse 
strength.  The  conclusion  to  be  drawn  is  that  where  concrete  is  to 
be  used  to  resist  crushing,  which  is  almost  universally  the  case,  we 
can  safely  use  the  modulus  of  rupture  determined  oy  experiment 
as  a  safe  working  stress  in  concrete  arches. 


EXAMPLES  OF  CONCRETE-ARCH   BRIDGES. 

707.  The  firat  concrete-arch  bridge  ever  constructed  in  the 
United  States  is  the  highway  bridge  over  Pennypack  Creek,  Phila- 
delphia, Pa.,  Mr.  C.  A.  Frik,  engineer.  The  structure  consists 
of  two  arched  spans  of  25  feet  4|  inches  each,  with  a  rise  of  6 
feet  6  inches,  supported  by  concrete  abutments  and  a  central  pier. 
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The  arch-rings  are  2  feet  3  ioches  deep  at  the  crowu,  covered 
on  top  with  a  ^-inch  layer  of  Portland  cement.  The  backing 
md  spandrel  walls  are  also  made  of  concrete  well  rammed. 
The  spandrel  walls  and  faces  of  the  arch  are  moulded  in  imita- 
tion of  ashlar  masonry.  For  the  foundation  work  DykerhoS's, 
and  for  the  piers,  abutments,  and  arches  Manheimer's,  Portland 
cement  was  nsed.  As  a  further  precaution,  wire  nets,  with  1^ 
mesh  and  diameter  of  wire  i  inch,  were  placed  about  S  feet  ver- 
tically and  horizontally  throughout  the  concrete.  The  width  of 
roadway  or  length  of  arch  from  out  to  out  of  the  parapet  walls  is 
'ii  feet  3^  inches,  width  of  macadam  roadway  36  feet,  and  on 
either  side  a  paved  gutter  "i  feet  wide.  The  cost  was  estimated  as 
follows  : 

680  cnbic  yards  of  concrete  ®  t9.30 I(i,324  00 

Macadam,  etc. 2,338  00     ' 

Total  cost »8,663  00 

In  Fig.  285  is  shown  a  vertical  section  through  one  abutment, 
arch,  spandrel,  and  one  half  of  central  pier,  on  the  right;  and  on 
the  left  an  elevation  of  one  abutment,  half  of  central  pier  and  arch- 
ritigand  spandrel  wall.  The  abutments  are  7'  Oj"  thick  at  the 
springing  line,  8'  63"  at  base.  The  central  pier  is  6'  Of"  thick  at 
springing  and  7'  6|"  at  base.  The  arches  are  segmental,  having  a 
radius  of  15' 7  J".  The  height  of  the  base  of  coping  of  parapet 
wall  is  11'  11"  above  springing  line  over  the  central  pier,  with  a 
grade  of  3.64  per  100  each  way  from  the  centre.  Dimensions  are 
shown  on  the  drawings. 


An  arch  built  entirely  of  concrete,  over  the  river  Danube  at 
Uanderkingen,  and  recently  completed,  is  worthy  of  more  than  a 
passing  notice.  The  arch  has  a  span  of  164  feet;  rise,  -^  span  = 
16.4  feet;  width  from  face  to  face  of  arch,  26.3  feet.     It  is  bnilt  on 
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a  skew  of  25°>  and  has  a  grade  of  3  per  cent.  One  end  of  the  arch 
springs  from  a  natural  limestone  cliff,  which  constitutes  the  abut- 
ment. The  other  end  springs  from  an  abutment  resting  on  a  pile 
foundation,  consisting  of  vertical  and  inclined  piles  driven  into  fine 
sand.  At  both  abutments  and  at  the  crown  steel  joints  are  intro- 
duced to  insure  both  the  proper  distribution  of  stresses  and  to 
allow  of  alterations  in  the  form  of  the  arch,  arising  from  changes 
of  temperature  or  from  other  causes. 

These  hinges  do  not  extend  continuously  the  full  width  of  the 
arch;  but  at  each  hinged  joint  are  placed  twelve  separate  semi- 
cylindrical  convex  pieces,  1.64  feet  in  length,  bearing  on  similar 
pieces  of  concave  form.  The  pressure  on  these  bearings  is  estimated 
at  8500  pounds  per  square  inch,  whereas  the  pressure  on  the  con- 
crete must  not  exceed  425  pounds  per  square  inch.  To  bring  the 
pressure  within  the  proper  limit,  the  bearings  are  bolted  to  a  base 
consisting  of  a  top  and  bottom  plate  0.6  inch  thick,  between  which 
three  eye-beams  are  placed.  The  dimensions  of  this  distributing- 
plate  or  bearer  are  20  X  32  X  8  inches. 

The  thickness  of  the  arch  at  the  crown  is  3.28  feet,  and  at  the 
springing  3.61  feet.  There  are  arched  openings  above  the  abat- 
ments  8.2  feet  span,  and  als6  arched  openings  in  the  spandrel,  to 
lighten  the  weight.  Arrangements  are  made  for  taking  up  the 
expansion  and  contraction  of  the  roadway. 

The  concrete  is  made  of  Portland  cement.  This  was  composed 
of  1  cement,  2^  sand,  and  5  of  river-sand  and  broken  stone.  It 
was  mixed  in  a  machine  resembling  a  foundry  rattler,  containing 
about  forty  steel  balls,  4.8  inches  in  diameter.  The  dry  materials 
were  placed  in  the  machine,  which  was  revolved  for  two  or  three 
minutes.  Water  was  then  added,  and  the  machine  revolved  for 
two  or  three  minutes  more,  until  the  ingredients  were  thoroughly 
mixed.  The  contents  were  then  emptied  through  openings  smaller 
than  the  diameter  of  the  balls.  The  capacity  of  this  machine  was 
52  cubic  yards  per  ton  hours.  The  strength  of  the  concrete  is 
claimed  to  be  from  25  to  30  per  cent  greater  than  with  the  same 
materials  mixed  by  hand.  At  the  end  of  seven  days  the  resistance 
to  crushing  was  about  2900  pounds  per  square  inch;  at  the  end 
of  twenty-eight  days,  about  3600  pounds, — about  eight  times  the 
working  pressure  allowed.  The  centring  was  given  a  rise  of  8  inches 
above  the  intended  level  of  the  crown.     The  arch  settled  7}  inches. 

Another  example  of  ooncrete  piers  and  arches  is  found  on  a 
railway  in  Jamaica.     The  construction  of  the  piers  was  described 
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iu  piiragraph  537.  These  were  in  height  48  feet;  in  thickness  at 
top,  6  feet ;  at  bottom  of  neat-work,  7  feet  6  inches ;  and  of  footing- 
coiiraes,  11  feet.  Length  of  top,  16  feet;  at  bottom,  19  feet  2 
inches.  The  span  of  arches  was  50  feet;  rise,  22  feet  2^  inches; 
arch-ring,  2.0  feet  in  thickneSB.  The  arches,  spandrel,  and  backing 
were  built  of  concrete  in  mass  np  to  a  point  where  the  radial  lines 
make  angles  of  60°  witli  the  horizon.  The  tipper  portion  of  the 
arcli-ring  between  these  points  was  bnilt  of  concrete  voussoirs 
bedded  in  1  to  2  mortar,  except  the  keystone,  which  was  of  con- 
crete in  mass.  All  concrete  was  made  of  1  Portland  cement,  3 
eand,  and  6  broken  limestone;  concrete  filling  over  arches,  1 
cement,  6  sand,  12  broken  stone-  Spandrel-wall  above  keystone, 
1  foot  in  thickness;  parapet  wall,  4  feet  7  inches  high  and  1  foot 


'2  inches  thick.  This  construction  is  shown  in  Fig.  286,  which  rep- 
resents one  half  section  perpendicular  to  aiis  of  arch  and  one  half 
elevation. 

708.  Concrete  and  Iron  Arch  Bridge. — The  drawings  Figs.  2S7 
nnd  287{rt)  show  sections  of  a  concrete  arch  bridge  constructed 
'iver  the  river  Neutra,  Hungary.  There  are  six  arches,  each  of 
55.8  feet  span;  the  rise  is  3  feet  8i  inches;  thickness  at  the 
crown  9.8  inches,  and  at  the  springing-line  4  feet  8.3  inches. 
Total  width  of  roadway,  ont  to  out  of  parapet  walls,  19.60  feet. 
The  concrete  for  the  foundations  was  composed  of  1  jwirt  Portland 
cement,  5  parts  Roman  cement,  and  30  parts  of  sand  and  gravel, 
or  1  to  6  concrete.     This  was  deposited  in  place  by  means  of  a 
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funnel-headed  tube.  The  concrete  above  water  was  made  of  1  part 
Portland  cemeut  and  10  parts  sand  and  gravel  or  ballast;  in  the 
main  the  upper  parts  of  piers  and  abutments  were  made  1  to  8. 
All  concrete  was  rammed  in  layers  of  8  inches  in  thickness.  There 
were  thirteen  iron  beams  imbedded  in  the  concrete.  These  were 
made  of  angle-irons  and  st iifen in g- plates.  No  lateral  iron  mem- 
bers were  used;  but  at  the  abutments  tjie.iron  chords  or  beams 
were  anchored  to  vertical  members.  These  were  connected  b; 
horizontal  channel-bars.  The  top  chords  were  made  continuous. 
The  arches  were  erected  on  centring,  supported  on  pile-bents  6.2 
feet  apart.     The  centring  was  covered  with  heavy  tarred  paper  to 


prevent  warping  from  the  moisture.  When  the  false-work  was 
completed  the  iron  chorda  were  placed,  and  the  concreting  com- 
menced. The  concrete  for  the  arches  was  made  of  1  part  Portland 
cemont  and  6  parts  of  sand  and  gravel  for  a  layer  of  10  or  12  inches 
in  thicknese;  for  the  spRiidrel,  concrete  1  to  8  was  used.  The  con- 
crete was  carefully  mmmed  in  layera  at  right  angles  to  the  radial 
lines  of  the  arch,  and  special  care  taken  in  ramming  the  concrete 
which  projected  below  the  iron  chord.  The  spandrels  were  built 
with  a  slight  grade  toward  the  piers,  for  the  purpose  of  drainage. 
One  arch  was  usually  completed  in  one  day.  All  centring  was  left 
in  place  for  a  period  of  thirty  days  after  the  completion  of  the  last 
of  the  series  of  arches.     Tlipy  were  then  struck  from  the  two  centre 
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arches,  aud  thence  towards  the  ends.  The  first  arch  built  had 
stood  supported  by  its  centring  for  43  days,  and  the  settlement  on 
removing  the  centre  was  only  0.079  inch;  the  one  supported  for  36 
days  settled  0.551  inch ;  and  the  last  built,  supported  for  31  days, 
settled  0.591  inch. 

The  thickness  at  the  crown  and  springiug  is  less  than  that  of 
the  arch  shown  in  Fig.  285,  though  having  less  rise  and  more  than 
twice  the  length  oi  span. 

The  total  concrete  used  was  1346  cubic  yards,  and  total  iron 
88,180  ponnds.  The  cost  was  (13,700.  This  is  the  equivalent  of 
iron  at  4  cents  per  pound  and  concrete  at  J7.56  per  cubic  yard.  The 
bridge  was  tested  with  a  uniformly  distributed  load  of  82  pounds  per 
sqnare  foot  of  roadway,  and  subsequently  a  very  much  heavier  load 
was  tried.  The  maximum  temporary  deflection  was  0.138  inch, 
and  niaximnm  permanent  set  0.031  inch.  The  maximum  crown- 
thnist  was  calculated  to  be  410  pounds  per  square  inch.  The 
luiiximnm  tension  on  the  upper  chords  2.G  tons  per  square  inch. 
The  strain  on  the  anchor-bolts  4.07  tons  per  square  inch.  With 
Portland  cement  concrete  mixed  1  to  G  and  28  days  old,  the  calcu- 
lated strain  at  the  crown  is  within  one  liftli  of  the  ultimate  break- 
ing strain. 

709.  The  Mnnier  Method  of  constructing  Arches.— Aa  lias  been 
already  stated,  flat  arches  give  way  by  sinking  at  the  crown  and 
spreading  at  the  haunches.  In  other  words,  the  arch  opens  on  the 
intradoB  at  the  crown  and  on  the  extrados  at  some  point  between 
the  crown  and  springing,  thereby  causing  a  tensile  strain  on  the 
lower  portion  of  the  arch-ring  at  the  crown.  To  take  up  this  ten- 
sion a  wire  netting  is  built  in  the  concrete  near  the  line  of  the 
soffit,  and  in  some  cases  a  little  below  the  line  of  the  extrados. 
This  is  specially  intended  to  take  up  the  tension  when  the  arch  is 
not  symmetrically  loaded.  This  netting  is  constructed  on  the  cen- 
tring by  first  running  a  series  of  wires  from  abutment  to  abut- 
ment over  a  smaller  set  placed  parallel  to  the  axis  of  the  arch  abont 
3J  inches  apart,  on  the  top  of  the  larger  wires  another  layer  of 
smaller  and  then  a  second  layer  of  larger  wire.  The  diameter  of 
the  larger  wire  is  0.39  inch  and  of  the  smaller  0.28  inch.  The 
wires  are  loosely  tied  at  their  intersections  by  means  of  small  wire. 
As  many  layers  are  used  as  may  be  deemed  advisable.  The  com- 
pleted net  is  to  be  raised  about  1.!)  inches  above  the  centring. 
Cement  is  then  spread  over  the  centring  from  the  abutments 
towards  the  crown,  and  lightly  compacted  with  the  trowel.    Then 
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a  series  of  thicker  layers  are  placed  until  a  thickness  of  9.5  inches 
is  formed.     These  layers  were  rammed  with  iron  tamping-bars. 

When  a  thickness  of  9.5  inches  is  secured,  another  netting  of 
wire  is  woven.  This  only  extends  over  about  one  eighth  of  the 
span  towards  the  crown,  and  over  this  netting  a  finishing  layer  of 
cement  mortar  1.9  inches  thick  is  placed.  The  proportions  of 
the  mortar  were  1  part  Portland  cement  and  3  sand.  The  concrete 
for  the  piers  and  spandrel- walls  and  backing,  1  Portland  cement,  4 
sand,  and  6  broken  stone. 

Experiments  made  on  arches  thus  constructed,  having  a  span 
of  32.8  feet,  rise  3.28  feet,  length  along  axis  of  arch  13.2  feet,  and 
thickness  of  arch-ring  at  centre  or  crown  of  6  inches  and  at  spring- 
ing of  8  inches.  After  some  tests  with  light  loads,  a  load  of  UO 
tons  was  placed  on  half  of  the  span,  equivalent  to  1000  pounds  pr 
square  foot,  under  which  the  maximum  deflection  was  0.12  inch, 
from  which  it  almost  recovered  by  the  following  day.  Under  a  load 
of  2000  pounds  per  square  foot  the  arch  sank  without  entirely  giv- 
ing way. 

In  Switzerland  an  arch  of  this  type  was  constructed  having  a 
span  of  122.1  feet,  rise  11.5  feet, — a  ratio  of  10.6  to  1 ;  arch  length  or 
width  of  roadway,  12.8  feet;  thickness  at  crown  7.9  inches,  and  at 
the  abutqients  25.6  inches.  This  was  only  intended  for  light  traflBc. 
It  was  tested  with  a  load  consisting  of  four  loaded  carts,  nine 
horses,  and  twelve  men, — in  all  40,000  pounds.  The  maximum  set- 
tling or  lifting  did  not  exceed  0.16  inch. 

Another  arch  of  same  type  had  a  span  65.6  feet,  rise  8.2  feet, 
thickness  at  crown  7.9  inches. 

This"  principle  has  been  applied  to  the  construction  of  concrete 
sewers.  In  all  such  applications  of  these  methods  lightness, 
strength,  economy,  and  rapidity  of  construction  are  the  objects 
aimed  at.  The  objection  to  all  such  combined  structures  lies,  first 
and  foremost,  in  the  difficulty  of  making  two  distinct  materials 
built  together  or  rigidly  connected  with  each*  other,  act  together  as 
a  unit,  and  in  determining  what  portions  of  the  total  stresses  are 
borne  by   the  separate   materials.     Other  objections  are  raised: 

(1)  that  the  wire  will  corrode  when  in  contact  with  the  wet  mortar; 

(2)  that  the  adherence  of  the  mortar  to  the  wire  would  be  verv 
feeble;  (3)  that  the  difference  in  the  expansion  and  contraction  of 
the  wire  and  concrete  would  tend  to  loosen  the  bond  between  the 
two  or  to  cause  cracks  in  the  concrete.  The  first  two  objections 
are  answered    by  saying   that   experience  and    experiment  both 
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show  them  to  be  more  faaciful  than  real;  aiid  as  to  the  thii-d 
objection  It  is  claimed  that  tlie  coefficients  of  expansion  for  concrete 
and  iron  are  practically  the  same,  being  for  1°  C.  0.0O00143  and 
0.0000145,  respectively. 

The  general  construction  and  appearance  oo  a  drawing  of  the 
Monier  arch  is  the  same  as  shown  in  the  dra'wingB  Fig.  287,  substi- 
tuting for  the  iron  ribs  or  chorda  a  wire  netting  over  the  entire 
softit.  The  upper  netting  usually  follows  a  curve  more  or  less 
nearly  parallel  to  the  soffit  instead  of  being  horizontal  and  level 
with  the  roadway,  the  spandrel  filling  being  above  the  upper  netting. 
Therefore  no  drawing  of  the  Monier  arch  is  necessary  for  a  clear 
nnderstanding  of  the  descriptions. 

Another  type  of  this  arch  is  the  employment  of  iron  or  steel 
eye-beams  bent  to  the  curve  of  the  arch  and  imbedded  in  concrete, 
in  aomewbat  the  same  manner  as  above  described. 


TUNNELS. 

710.  Tunnels  are  underground  eicavations  for  roadways, 
canala,  and  in  general  for  any  purposes  where  it  is  necessary  or 
economical  to  limit  the  amount  of  material  removed,  and  at  the 
same  time  impracticable  or  undesirable  to  use  the  surface  above  for 
the  passageway  or  other  purposes  intended.  The  cost  of  tunnelling 
k  so  great  and  time  required  in  the  operation  is  so  long,  that  it 
may  he  stated  that  tunnels  should  be  avoided  except  under  very 
special  conditions. 

To  what  extent  a  line  of  communication  may  be  or  should  be 
lengthened  in  order  to  avoid  a  tunnel  of  a  given  length,  or  at  what 
depth  of  excavation,  where  the  choice  is  granted,  it  is  desirable  or 
wise  to  abandon  an  open  cnt  and  resort  to  tunnelling,  depends  on 
80  many  and  varying  conditions,  that  no  general  rule  can  be  laid 
down  governing  the  matter.  It  cannot  be  decided  purely  from 
considerations  of  economy  in  the  first  constrnetion,  though  for 
ordinary  purposes  this  will  be  a  very  potent  factor.  For  roads  and 
canals  an  increase  in  the  length  of  line  involves  a  permanent  in- 
crease in  the  expenses  of  operation  and  maintenance,  and  a  cor> 
responding  increase  in  the  length  of  time  consumed  in  the  trans- 
portation of  pflssengers  and  freight — which  is  an  important  item  in 
these  days  of  demand  for  rapid  transit.     The  maximum  depth  of 
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excavation  admissible  in  open  cut  will  depend  largely  upon  the 
question  of  cost.  The  relative  cost,  however,  varies  greatly  with 
the  character  of  the  material  to  be  excavated,  and  upon  the  cost  of 
the  lining,  temporary  and  permanent,  required  in  tunnels.  The 
selection  should  be  made,  where  the  choice  is  given,  after  a  careful 
comparison  of  all  items  of  cost,  both  immediate  and  remote. 

It  may  be  roughly  estimated,  that  when  an  open  cut  would 
exceed  60  to  70  feet  in  depth  it  will  commonly  be  found  desirable, 
economical,  and  expeditious  to  resort  to  a  tunnel.  In  many  cases 
no  choice  is  given :  the  tunnel  must  be  built.  In  such  cases  the 
method  of  construction  may,  however,  still  be  a  matter  of  grave 
consideration,  that  is,  whether  an  open  excavation  may  be  made  at 
first,  in  which  is  constructed  the  tunnel  lining,  over  which  the 
material  is  placed  up  to  the  original  surface,  and  restored  to  its 
original  condition,  or  whether  the  tunnel  shall  be  excavated,  regard- 
less of  the  depth  below  the  surface,  without  disturbing  the  original 
surface  or  endangering  any  structures  near  the  line  of  the  tunnel. 
This  has  application  especially  to  underground  passages  along  the 
street  lines  of  cities,  the  necessity  for  which  is  becoming  more 
apparent  every  day,  as  a  solution  of  the  important  question  of 
Rapid  Transit. 

711.  To  avoid  confusion  of  terms,  underground  excavations  can 
be  divided  into  (1)  tunnels  proper,  or  those  in  which  the  transverse 
dimensions  are  sufficiently  large  to  admit  of  the  passage  of  trains, 
vehicles,  or  canals,  and  (2)  drifts  or  headings,  where  of  smaller 
dimensions,  when  such  excavations  are  horizontal  or  inclined  to  the 
horizon.  Drifts  or  Headings  include  excavations  for  sewers,  con- 
duits, subways — according  to  the  purposes  for  which  they  are  used. 
The  term  Shaft  is  applied  exclusively  to  an  excavation,  usually  of 
small  dimensions,  made  vertically  or  nearly  so.  The  lining  for  any 
of  these  excavations,  when  necessary  to  use  it,  may  be  of  timber, 
iron,  stone,  or  brick  masonry  or  concrete,  as  may  be  determined  from 
considerations  regarding  strength,  durability,  and  permanency. 
Timber  linings  are  commonly  used  for  temporary  purposes,  and  are 
generally  followed  up  closely  with  some  more  durable  lining,  and 
should  never  be  left  for  any  great  length  of  time,  though  this  is 
often  done.  As  the  masonry  lining  is  constructed,  the  timber  is  re- 
moved in  whole  or  in  part.  Those  portions  of  the  supporting  frames 
and  the  poling-sticks  or  sheeting,  outside  of  the  masonry  lining,  are 
sometimes  left  in  place,  and  all  spaces  around  and  those  between 
the  masonry  and  the  undisturbed  earth  are  well  filled  with  rammed 
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earth,  broken  Btone,  or  concrete.     Iron  and  stone  lininga  are  some- 
times naed,  but  rarely;  and  the  same  may  be  said  of  concrete. 

The  permanent  or  masonry  lining  is  almost  universally  bnilt  of 
brick.  Bricks  have  sufficient  durability  and  strength  when  hard 
and  well  burned,  and  afiord  much  greater  facility  in  constructing 
the  lining,  owing  to  the  confined  and  cramped  positions  in  which 
the  men  have  to  stand  and  work. 

712.  Whether  any  lining,  either  of  a  temporary  or  permanent 
nature,  will  be  required,  depends  entirely  upon  the  character  of  the 
material  to  be  handled.  This  should  be  carefully  determined  by 
borings  or  by  sinking  test  shafts,  and  with  these  there  must  always 
be  more  or  leas  uncertainty  in  regard  to  the  uniform  continuity  of 
the  material  between  any  two  bore-holes  or  shafts.  The  form  and 
dimensions  both  of  the  excavation  and  lining  must  also  depend 
upon  the  character  of  the  material.  Much  is,  however,  left  to 
chance;  and  the  engineer  must  be  prepared  to  meet  with  the 
unexpected,  and  be  ready  to  adapt  his  mode  of  excavation  und 
kind  of  lining  to  the  circumstances  and  conditions  as  they  arise. 
Watchfulness,  good  judgment,  familiarity  with  many  different 
methods,  and  a  promptness  in  coming  to  some  decision  are  the 
essential  characteristics  of  a  good  tunnel-engineer. 

713.  Many  elaborate  and  costly  surveys  have  been  made  to 
locate  the  centre  line  of  long  tunnels,  in  mountainous  districts,  on 
the  surface  of  the  ground,  mainly  for  thp  purpose  of  determining 
the  exact  distance  and  relative  direction  of  its  two  ends  and  to  be 
enabled  to  locate  accnrately  the  proper  positions  for  borings,  teat 
and  working  shafts,  or  to  determine  the  proper  and  most  advan- 
tageous location  and  alignment  of  the  centre  line  of  the  tunnel. 
A  straight  line  should  always  be  adopted,  if  practicable,  A  slight 
grade  from  some  interior  point  to  the  two  ends  is  advantageous, 
both  in  the  prosecution  of  the  work  and  for  purposes  of  temporary 
and  permanent  drainage. 

714.  Materials. — In  many  respects  solid  rock  is  the  most  advan- 
tageons  material  through  which  to  tunnel,  especially  the  softer 
varieties,  provided  they  are  strong  and  durable.  The  excavation  is 
limited  to  the  minimum  dimensions  required  for  the  purpose  in- 
tended; no  exact  or  uniform  surface  has  to  be  maintained;  the 
form  of  the  cross-section  can  be  made  such  as  will  afford  the  great- 
est convenience  in  the  prosecution  of  the  work;  the  drainage  can 
be  more  readily  provided  for;  and  no  artificial  lining  of  either  a 
temporary  or  permanent  character  is  required. 
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715.  Stratified  rock  may  or  may  not  present  any  serious  difficul- 
ties, depending  upon  the  tliickness  and  inclination  of  the  layers. 
If  the  stratification  is  thin,  divided  by  layers  of  porous  earth,  aud 
especially  if  much  inclined  to  the  horizon,  there  will  be  more  diffi- 
culty and  danger  in  prosecuting  the  work  than  when  the  layers  are 
thick  and  horizontal,  or  nearly  so,  a  lining  of  some  kind  will  often 
be  required,  especially  for  the  roof;  and  much  inflow  of  water  will 
be  likely  to  occur,  requiring  ample  drainage  facilities. 

Many  kinds  of  rock  will  disintegrate  and  decay  on  exposure, 
though  offering  no  special  difficulty  or  danger  in  the  prosecution 
of  the  work.  Tunnels  through  such  materials  should  be  lined. 
The  lining  may  consist  only  of  a  thin  facing  wall  of  brick,  mortar, 
or  concrete,  as  the  object  is  not  so  much  to  support  a  load  or  press- 
ure as  it  is  simply  to  protect  the  surfaces  from  the  disiutegratiug 
effects  of  atmospherio  or  gaseous  influences. 

716.  Clay  and  ordinary  earths  offer  no  special  difficulties,  unless 
containing  an  excess  of  water.  These  materials  will  admit  of  easy 
excavation,  and  will  stand  independently  for  a  limited  time,  or  with 
light  sheeting  and  framing.  It  is  unwise,  however,  to  take  advan- 
tage of  this  temporary  stability,  as  great  damage  aud  danger  may 
result.  It  is  not  difficult  to  hold  such  materials  at  first;  but  should 
caving  commence,  or  any  cracks  or  fissures  start,  it  may  be  a  matter 
of  extreme  difficulty  to  stop  a  movement,  however  slight,  when 
once  started. 

717.  Experience  shows  that  in  most,  if  not  all,  stiff  and  com- 
pact soils  even  a  thin  layer  of  mortar  is  often  sufficient  to  maintain 
the  slightly  inclined  or  vertical  surface  of  an  excavation,  as  can  be 
seen  in  cisterns  constructed  in  many  parts  of  the  country,  pro- 
vided it  is  put  on  without  delay,  before  the  cohesive  strength  of 
the  material  has  been  disturbed.  And  it  is  equally  true  that  arched 
roofs  in  such  materials  would  be  greatly  strengthened  by  the  smne 
simple  means,  but  to  what  extent  is  at  least  uncertain,  and  could 
not  be  relied  upon. 

The  thin  masonry  or  timber  linings  used  in  tunnels  at  veiy 
great  depths  are  standing  proofs  that  the  pressure  on  them  can- 
not be  due  to  a  pressure  proportional  to  the  depth  below  the 
surface.  It  might  be  safely  asserted,  but  for  the  fact  that  what- 
ever care  and  expedition  is  used  there  will  be  some  disturbance 
of  the  material  over  and  on  the  sides  of  tunnels,  that  there 
would  be  but  little  pressure  upon  the  lining,  and  even  with  the 
little  settling  which  usually  takes  place  the  pressure  will  not  exceed 


that  doe  to  a,  relatively  speaking,  mass  of  loose  earth  of  a  very  lim- 
ited extent.  Above  this  limited  height  it  seems  evident  that  the 
earth  is  self-supporting.  lu  Pig.  288  is  shown  the  general  cross- 
Bection  of  a  tunnel,  and  tunnel  liuiug  ABCDEF.  The  slopes  CH 
and  EL  represent  the  natural  slope  of  the  material.  According  to 
the  ordinary  theory  of  ettrch  presaure,  the  vertical  pressures  could 
only  be  due  to  the  weight  above  and  enclosed  by  these  slopes.  Con- 
ceiviDg  the  ideal  vertical  planes  KC  and  ME  tangent  to  the  sides 
of  the  tunnel  lining,  the  weight  of  the  mass  enclosed  by  these 
planes  and  the  estrados  of  the  lining,  and  the  upper  surface  of  the 
earth  vill  represent  the  maximum  possible  vertical  pressure  upon 


the  masonry.  It  is  evident  that  this  full  pressure  could  only  be 
exerted  when  this  mass  was  a  fluid.  Even  with  a  loose-earth  filling 
the  friction  along  the  planes  KG  and  ME  would  relieve  the  arch  of 
a  considerable  portion  of  the  pressure,  and  much  more  in  an  undis- 
turbed mass  possessing  a  considerable  cohesive  resistance.  The 
pressure  vould  then  only  be  due  to  some  mass  of  earth  bounded 
by  the  curved  line  NOP,  whose  height  above  the  tunnel  would  vary 
with  the  character  of  the  material  above  and  within  the  width  of 
the  tunnel.  These  considerations,  and  the  additional  fact  that  all 
materials,  whether  in  mass,  or  in  columns,  bars,  or  other  sizes  and 
shapes,  usually  give  way  in  detail,  by  scaling,  chipping,  or  rending 
along  the  edges  or  surfaces,  fully  explain  why  the  thiu  tunnel 
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linings,  and  arches  as  well,  constructed  on  fche  Monier  method,  or 
with  bars,  are  capable  of  resisting  such  great  apparent  or  actoal 
strains  and  pressures. 

718.  As  the  materials,  such  as  sand,  gravel,  and  loose  stone, 
have  little  or  no  stability  due  to  adhesion,  and  have  a  tendency  to 
assume  at  once,  when  free  to  move,  the  natural  slope,  it  becomes 
necessary  to  provide  immediate  support  on  all  sides,  as  well  as  at  the 
head  or  front  of  the  excavation,  to  prevent  an  inflow  of  the  material 
at  and  near  the  surfaces,  which,  when  once  initiated,  may  extend 
to  great  distances  from  and  above  the  tunnel,  producing  both  imme- 
diate and  permanent  pressures  of  great  intensity.  These  conditions 
are  aggravated  by  the  presence  of  greater  or  less  quantities  of  water, 
always  found  in  strata  of  sand  and  gravel  at  even  small  depths 
below  the  surface;  but  in  such  materials,  where  the  mass  is  sup- 
ported at  once,  there  will  be  some  point  above  which,  owing  to  its 
great  frictional  stability,  the  mass  will  be  self-supporting. 

719.  In  any  of  the  foregoing  materials  the  process  of  tunnel- 
ling presents  no  great  difficulties,  but  requires  a  varying  degree  of 
care  and  closeness  of  the  temporary  lining  with  the  increasing 
tendency  of  the  material  to  caving  and  flowing,  also  special  methods 
of  tunnelling  must  be  adopted  to  give  immediate  support  and  to 
provide  efficient  and  sufficient  means  of  drainage. 

720.  Quicksand  and  Mud. — The  most  troublesome  and  treach- 
erous materials  with  which  the  engineer  has  to  contend  in  con- 
structing all  kinds  of  works,  especially  tunnelling,  are  quicksand 
and  mud.  These  materials,  fortunately,  exist  where  tunnelling  is 
necessary  only  in  relatively  thin  layers  or  pockets;  but  wherever 
encountered,  special  methods  of  work  are  required.  These  methods 
will  be  explained  in  another  paragraph. 

Certain  seamy  clays  partake,  to  some  extent  at  least,  of  the- 
characteristics  of  these  materials.  Though  firm  and  compact  be- 
tween the  seams,  there  is  always  great  danger  of  sliding  in  large 
masses  on  the  seams,  especially  when  this  soapy  material  is  soft- 
ened by  the  seepage  of  water  along  them.  They  can,  however, 
be  worked  by  the  same  general  methods  as  ordinary  earth  if  the 
precaution  is  taken  to  provide  immediate  and  strong  temporary 
linings,  followed  closely  up  with  the  permanent  masonry  lining. 

721.  General  Processes  of  Tunnelling. — In  almost  all  materials 
drifts  or  headings  are  run  in  advance  of  the  full-sized  excavation. 
The  dimensions  of  the  cross-section  of  the  heading  vary  ImKhhhb 

from  6x6  feet  to  8  X  8  feet — sometimes  more  and  sometimeff- 
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less.  There  is  nothing  gained  by  using  small  headings;  they  are- 
relatively  more  expensive  and  require  more  time  than  when  of  the 
sizes  above  given. 

The  positions  of  the  heading  with  respect  to  the  section  of  the 
tunnel  also  vary.  In  some  materials  it  is  deemed  advisable  to 
ran  them  near  the  upper  portion  of  the  tnnnel  section,  in  others 
at  the  bottom ;  and,  again,  in  some  materials  they  are  run  at  the 
centre  of  the  depth  along  the  centre  line  in  either  case.  When 
two  headings  are  ran.  they  may  be  at  the  bottom,  one  on  each 
side  at  the  ends  of  the  transverse  diameter;  or  near  the  top,  and 
vertically  above  the  positions  just  mentioned. 

722.  All  headings  are  run  for  one  or  all  of  the  following  pur- 
poses: (1)  As  pilots,  in  order  to  discover  the  nature  of  the  material 
in  advance  of  the  tunnel  proper;  (2)  to  provide  faces  from  which 
the  excavation  can  be  advantageously  enlarged  to  the  full  size  of 
the  tnnnel;  (3)  to  enable  the  temporary  supports,  or  even  the  per- 
manent linings,  to  be  constructed  at  thoee  portions  of  the  tunnel 
requiring  immediate  support;  (4)  entirely  for  drainage  purposes; 
(5)  to  provide  good  and  firm  supports  for  other  portions  of  the 
temporary  lining  and  the  construction  of  the  permanent  lining. 
As  in  most  cases  it  is  necessary  or  advantageous  to  mn  a  top  drift 
or  heading  in  any  event,  bottom  drifts  are  rarely  used,  unless  the 
natnre  of  the  material  requires  efficient  drainage.  It  is  easier  to 
-work  sideways  and  downwards  than  inwards  and  upwards.  Where 
drainage  ia  the  object  in  view,  the  bottom  drift  should  be  made  as 
small  as  economy  may  justify. 

Therefore  in  solid  rock  the  beading  ia  run  near  the  top,  at  the 
crown;  and  as  no  lining  is  required,  the  work  can  be  carried  on 
simultaneons  sideways  and  downward  on  the  two  sides,  while  the 
core  or  central  portion  is  being  worked  from  the  lower  and  rear 
face,  or  in  whatever  manner  may  be  found  most  convenient  and 
economical. 

In  materials  requiring  drainage  the  bottom  drift  ehonld  be 
always  kept  well  ahead  of  the  main  excavation,  and  the  top  drift 
also  kept  in  advance,  though  not  necessarily  more  than  15  or  iO 
feet.  As  in  such  materials  a  temporary  lining  ia  required,  each 
section  must  be  lined  as  the  work  progresses,  and  the  excavation 
below  the  top  drift  must  be  regulated  in  such  a  manner  that  the 
portions  of  the  lining  above  ahall  be  always  firmly  and  continually 
supported.  All  forms  of  temporary  lining  should  be  as  fiir  as 
practicable  arched,  so  that  the  main  supports  can  be  placed  as  near 
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the  outside  of  the  excavation  as  possible,  leaving  the  centre  por« 
tions  of  the  tunnel  unobstructed  by  braces  and  props. 

The  two  following  descriptions  will  illustrate  the  more  modern 
methods  of  tunnelling,  and  of  the  construction  of  the  temporary 
and  permanent  linings  : 

THE   BALTIMORE  BELT-BAILBOAD  TUNNEL. 

723.  This  tunnel  >s  built  following  certain  street  lines*  Owing 
to  objections  that  would  arise  to  obstructing  the  traffic  along  the 
streets,  and  the  great  depth  of  the  tunnel  below  the  street  surface, 
it  was  determined  to  adopt  the  regular  tunnelling  methods, 
although  it  would  have  been  more  economical  in  much  of  the  work 
to  have  adopted  the  open-cut  method.  The  open-cut  method 
along  the  streets  of  cities  has  the  difficulty  of  contending  with 
and  taking  care  of  the  many  gas  and  water  mains,  sewers,  etc.; 
and  in  narrow  streets,  unless  elaborate  and  expensive  timbering  or 
walls  are  used,  there  is  great  danger  of  damage  to  the  adjacent 
buildings.  The  same  danger  exists  to  a  great  extent  from  tunnel- 
ling; but  unless  the  top  of  the  tunnel  is  to  be  very  close  to  the  sur- 
face of  the  street,  all  things  considered,  fewer  difficulties  and  less 
danger  may  arise  when  tunnelling  than  when  in  open  cut.  The 
cost,  however,  may  be  greater.  Both  method*  are  and  have  been 
successfully  adopted.  It  will  commonly  be  found  economical  and 
expeditious  to  judiciously  combine  the  two  methods.  This  was 
done  on  the  Baltimore  &  Potomac  and  Union  tunnels  in  the  city 
of  Baltimore. 

The  Baltimore  and  Ohio  road  in  passing  through  the  city  of 
Philadelphia  adopted  the  open-cut  method  for  the  entire  length. 
In  the  work  now  to  be  described  the  tunnel  method  was,  how- 
ever, adopted  for  sufficient  reasons.  The  depth  from  the  street 
surface  to  the  crown  of  the  tunnel  varied  from  only  a  few  feet 
to  as  much  as  40  to  70  feet.  The  material  encountered  varied 
in  character,  but  in  the  main  it  was  a  rather  wet,  sandy  clay.  It 
was  evident  there  would  be  much  inflow  of  water,  and  it  was  snb- 
.  sequently  found  that  the  flow  constantly  filled  pipes  of  5  inches  in 
diameter.  ,As  a  bottom  drift  was  therefore  necessary,  it  was 
decided  that  two  bottom  drifts,  one  on  each  side,  as  shown  in  the 
several  sections,  should  be  run.  In  this  case  not  only  would  the 
proper  drainage  be  provided,  but  the  side  walls  of  the  lining  could 
also   be   constructed.     These  walls  served  the  two  purposes  of 
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affording  firm  supports  for  the  portions  of  the  work  above,  and 
preventiug  atij  incipient  movement  of  the  material  outside,  which 
might  result  in  damage  to  the  adjacent  buildiugB.  The  drifts 
proper  were  8x8  feet,  but  the  excavation  at  the  bottom  was  con- 
tiiined  until  a  firm  bed  wae  reached. 

In  driving  these  drifts,  frames  were  constructed,  composed  of 
tn-o  batter-posts  resting  on  boards,  and  a  cap-piece  framed  to  their 
tops.  These  frames  were  placed  about  4  feet  intervals.  The  exca- 
vation was  advanced  in  the  usual  way,  by  driving  sheeting-plank 
over  the  top  and  against  the  side  posts  as  the  work  proceeded,  with 
slight  upward  and  outward  inclination  so  that  the  neit  frame  could 
be  placed,  and  leaving  sufficient  space  to  insert  the  next  section  of 
sheeting.  In  some  cases  tlie  head  or  front  end  of  the  drift  was 
also  sheeted.  The  sheeting  was  driven  close  together  in  order  to 
prevent  as  far  as  practicable  any  inflow  ol  water  and  earth  or  sand. 
The  side  walls  of  the  lining  were  built  in  these  drifts  as  close  aa 
practicable  to  the  posts  of  the  timber  frames,  and  when  necessary 
a  foundation  of  1  or  2  feet  of  concrete  was  used,  upon  vrhicb  the 
walls  rested. 

The  timber  framing  was  left  in  place;  the  open  spaces  between 
these  and  the  masonry  was  filled  either  with  dry  rubble  or  rubble 
laid  in  mortar. 

It  was  attempted  to  drive  the  top  heading  by  using  a  series  of 
timber  segrnents  forming  a  polygonal  frame,  and  supporting  these 
at  the  joints  by  props  resting  on  the  core  of  earth  enclosed  between 
the  side  walls,  or  rather  drifts.  These  timber  segments  were 
I''"  X  12"  X  6',  forming  a  series  of  ribs  or  frames  placed  close 
together;  and  as  each  rib  was  supported  independently,  the  proiw 
were  close  together  also,  the  effect  of  which  was  to  form  a  series  of 
small  and  separate  galleries,  which  caused  much  inconvenience  to 
the  workmen.  The  excavation  was  pushed  ahead  by  the  use  of 
iron  poliug- pieces  5'  x  8"  x  }",  stiffened  by  J-inch  angle-irons. 

The  crown  at  this  point  was  about  20  feet  below  the  surface  of 
the  ground;  the  material  was  made  earth,  and  undoubtedly  the 
pressure  was  very  great.  The  progress  of  the  work  was  not  satis- 
factory by  this  system  of  timbering,  and  when  the  pressure  of  the 
material  came  upon  the  arch  the  sides  bulged  and  the  top  flattened. 

These  were  undoubtedly  trying  conditions  for  an  arch  of  com- 
paratively fresh  mortar.  The  timber  segments  were  built  in,  and 
tbe  filling  between  them  and  the  brick  arch  was  only  the  excavated 
earth.     It  was   difficult  to   keep   the  iron   poling-pieces  in  Una 
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Altogether,  the  entire  method  was  deemed  unsatiafactory,  and  waa 
abandooed  after  UEing  it  for  only  a  short  distance. 

Resort  was  then  had  to  the  well-known  and  often-used  method 
of  long  poling-bars.  The  top  heading  was  run  in  the  usual  man- 
ner, with  frames  and  sheeting.  After  this  heading  had  been  com- 
pleted for  a  certain  distance  the  poling-bara  were  placed  against  the 
under  side  of  the  cap  and  supported  by  yertical  props,  either  rest- 
ing on  the  earth  core,  or  in  unreliable  material  on  large  crosspieces 
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or  sills  of  oak  ^3  x  23  inches  in  cross -section,  and  of  sufficient 
length  to  reach  across  the  tunnel,  with  their  ends  supported  on  tbc 
top  ur  roof  of  the  side  drifts,  which  was  strengthened  by  additional 
props  when  required.  The  excavation  was  then  carrieii  on  sideways 
and  downwards,  the  side  posts  and  sheeting  on  the  sides  of  the  top 
heading  being  removed.  As  the  work  progresses  additional  poling- 
bara  were  inserted  and  supported  at  the  proper  intervals.  Figs,  269 
and  380(a)  are,  respectively,  a  croas-section  and  longitudinal  section 
of  this  work,  siiowing  only  the  side  drifts  and  top  heading. 
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The  side  walls  in  the  drifts  are  shown  partly  hnilt;  the  curved 
dotted  lines  show  a  Bection  of  the  completed  lining  in  rear  of  the 
heading,  also  shown  in  longitudinal  section  resting  on  the  arch  cen- 
tring iu  Fig.  289{n).     In  Figs.  290  and  290(a)  are  shown,  reepect- 


ively,  a  cross  and  longitudinal  section  of  the  tunnel  und  lining  when 
the  excavation  has  been  carried  down  to  a  plane  only  a  little  above 
the  tops  of  the  side  drifts— the  core  of  earth  still  left  between  the 
Bide  drifts. 

The  poling-bars  are  of  oak,  10  to  12  inches  in  diameter  and  20 
to  24  feet  long. 

The  masonry  arch  was  built  in  sections  about  18  feet  in  length. 
The  centring  was  moved  forward  and  supported  on  the  side  drifts 
by  blocking,  and  the  lagging  placed,  after  which  the  brickwork  was 
commenced.  The  props  supporting  the  poling-bars  were  moved 
as  they  were  reached  by  the  brickwork.  As  seen  in  the  drawings, 
all  the  timbers  of  the  lining  above  and  outside  of  the  masonry  arch 
were  left  in  place,  and  the  spaces  between  them  and  the  masonry 
filled  with  rubble  laid  in  cement  mortar. 
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That  portion  of  the  lining  constmcted  by  meane  of  the  timber 
BegTnentB  and  iron  poling-piecett  having  yielded  when  the  pressure 
came  upon  it,  was  repaired  with  difficulty,  and  the  work  carried  on 
in  the  manner  already  described. 

A  portion  of  the  brick  lining  was  snpported  on  timber  centring, 
held  at  the  joints  by  iron  plates.     In  other  portions  iron  centring 


SECTION  WITH  EXCAVATION  COMPLETED 

was  used.     This  was  made  of  two  6x6  inch  angle-irons  bolted 

together,  forming  an  arched  rib        tt       .     Six  of  these  ribs  were 

nsed,  spaced  4  feet  intervals,  centre  to  centre.  They  were  made  in 
two  halves,  bolted  together  at  the  crown,  and  held  erect  by  spacing- 
rods.  The  rearmost  rib  is  held  fast  by  the  completed  masonry, 
and  in  turn  holds  the  others  while  the  lagging  is  being  placed. 
The  masons'  scaffolds  were  supported  by,  or  rather  suspended  from. 
them.  This  and  the  earth  core  or  bench  were  of  very  great  conven- 
ience io  laying  the  brickwork,  the  materials  being  brought  on  the 
upper  level  and  convenient  for  handling.  This  bench  is  kept  50  to 
7r)  feet  in  rear  of  the  front  end  of  the  masonry.  A  travelling  der- 
rick hoisted  tlie  materials  from  the  lower  to  the  npper  tracks  on 
wliich  the  materia]  cars  run.     It  also  afforded  a  firm  support  for 
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props  and  the  large  croas-sUls,  aa  its  Bides  were  supported  by  the 
frames  of  the  bottom  drifts,  which  is  not  the  case  when  simple 
trenchea  are  cnt  alongside,  as  is  often  done  in  luDnelling.  In  this 
tuunel,  owing  to  the  quick  striking  or  removing  the  centres,  it  was 
found  that  the  masonry  lining  flattened  at  the  crown  and  bulged 
at  the  sides.  This  was  attributed  to  a  want  of  anSicient  time  for 
the  mortar  in  the  rabble  filling  to  set.    Earth  packing  was  tried,  but 


r 
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gave  stni  worse  remits,  and  then  dry  rubble  filling,  which  gave  good 
results,  only  using  a  little  mortar  with  the  Bmali  nhips  or  apawls. 

The  side  walls  were  not  built  more  than  20  feet  in  advance  of 
the  arcb  as  a  rule,  but  occasionally  they  were  as  mnch  aa  90  feet. 
The  drif  t8  were  kept  but  little  in  advance  of  the  masonry  lining,  as 
it  was  the  intention  to  keep  the  masonry  as  cloae  to  the  head  of  the 
excavation  as  practicable — a  rule  which  stiould  always  be  followed 
in  any  kind  of  unstable  material.  A  wise  precaution  was  taken  in 
this  work,  namely,  sinking  large  pipes  ft  inches  iu  diameter  in 
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advance  of  the  headings.     These  driven  wells  collected  large  quan- 
tities of  water,  which  was  pumped  out. 

This  represented  so  much  water  that  would  otherwise  have 
found  its  way  into  the  drifts.  These  wells  could  be  driven  from 
60  to  70  feet  into  the  soil  in  a  week's  time,  with  foui-^five  men.  As 
the  tunnel  reached  these  wells  the  pumps  were  moved  to  those 
in  advance.  The  pipes  were  left  in,  and  used  in  connection  with 
the  air-compressors. 

The  arch-ring  is  built  of  five  layers  of  Baltimore  brick,  and  well 
bonded.  For  some  portions  through  heavy  ground  eight  rings  or 
layers  were  used.  New  York  Rosendale  cement  was  used  in  the 
proportion  1  cement,  2  sand. 

Refuge  niches,  T  feet  high,  3  feet  wide,  and  15  inches  deep,  are 
built  in  the  side  walls. 

There  was  necessarily  some  sinking  of  the  surface.  This  resulted 
from  the  necessity  of  changing  and  removing  timbers,  and  more  or 
less  compression  and  springing  of  the  timbers  in  taking  up  the 
strains  due  to  the  load  upon  them.  The  crown  of  the  arch  would 
settle  as  much  as  2  to  6  inches,  due  to  the  compression  of  the 
mprtar  in  the  joints.  The  maximum  sinking  of  the  surface  of  the 
street  over  the  tunnel  was  about  18  inches;  it  usually  varied  from 
1  to  12  inches.  Some  damage  was  done  to  the  water  and  gas  mains 
and  sewers,  as  well  as  to  the  concrete  trench  of  the  cable-railway. 
These  were  not  serious,  but  required  immediate  repair,  and  in  some 
cases  considerable  lengths  of  new  mains  had  to  be  constructed.  The 
sewers  were  from  2  to  4  feet  in  diameter;  water-mains,  3  to  20 
inches;  gas-mains,  H  ^^  20  inches.  But  little,  if  any,  damage  was 
done  to  adjacent  buildings,  although  the  line  of  natural  slope  passed 
beneath  them. 

The  temperature  in  the  tunnel  was  usually  from  75°  to  80®,  and 
in  some  cases  it  was  as  high  as  95°.  The  temperature  was  lowered 
by  the  exhaust-air  from  air-compressors  used  in  connection  with 
some  of  the  machinery,  or  drawn  direct  from  the  open  air  through 
pipes  provided  for  the  purpose. 

The  bottom  drifts  were  of  sufficient  size  to  allow  two  miners 
and  a  helper  in  each,  and  working  in  10-hour  shifts  an  advance  of 
50  to  90  feet  was  made  per  month. 

It  required  about  125  mason-hours  for  an  18.foot  section.  In 
laying  the  brick  arch,  from  5  to  8  men  worked  together  on  an  18- 
foot  section,  which  required  about  22  two-shift  days'  work  for  com- 
pletion. 
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The  coBt  of  the  tnnnel,  ready  for  the  track,  was  about  t225  per 
lineal  foot.  Howard  Street  Tauoel  is  8350  feet  long,  and  cost 
$1,750,000.  The  land  damages  were  1:1,000,000.  Total  cost  of 
entire  work,  16,000,000.  Maximnm  crosa-section  27  feet  wide,  22 
feet  high.     Excayation  from  3  to  5  feet  larger. 

724.  The  neceseitj  for  transferring,  in  large  cities,  a  great  por- 
tion of  the  traffic  from  Biirfaee  tracks  to  underground  tracks,  par- 
ticularly that  calling  for  uninterrupted  and  rapid  transportation, 
renders  the  subject  of  tunnels  along  street-lines  one  of  great 
importance  and  interest  to  engineers;  and  while  the  questions 
inyolved  are  of  the  greatest  importance  and  intricacy,  in  regard  to 
the  best  plans  and  modes  of  prosecuting  the  work,  which  would 
lead  us  away  from  the  purposes  of  this  volume,  a  short  description 
of  some  of  the  designs  will  be  appropriate.  The  description  and 
drawings  of  the  Baltimore  Belt  Tunnel  were  given  in  great  detail, 
not  80  much  from  the  point  of  view  regarding  rapid  transit,  but 
because  it  was  a  good  illustration  of  a  modem  method  of  tunnel- 
ling through  a  somewhat  unstable  material. 

The  following  ia  a  brief  description  of  two  designs  presented  to 
the  New  York  City  Rapid  Transit  Commission  for  constructing  the 
underground  railway  along  the  lines  of  the  streets  of  New  York 
City,  having  special  regard  to  the  conditions  existing  there. 

725,  One  of  the  plans  contemplates  a  tunnel,  excavated  without 
disturbing  the  surface  of  the  street;  it  provides  for  four  tracks,  at 
a  depth  of  20  feet  helow  the  street-level. 

The  only  open  eicavations  required  will  be  narrow  trenches  close 
to  and  along  the  curb-lines  for  the  purpose  of  building  the  side  walla 
of  masonry.  The  drifts  required  are  to  be  run  transversely  to  the 
street-lines,  from  curb  to  curb.  This  is  to  be  done  in  such  a  manner 
as  not  to  disturb  the  surface,  or  the  gas,  water,  or  sewer  mains. 

The  roof  is  to  consist  of  a  series  of  transverse  steel  beams  resting 
on  the  side  walls  and  'on  intermediate  steel  columns,  or  rather  on 
longitudinal  girders  resting  directly  on  the  columns.  A  single  line 
of  girders  and  columns  at  the  middle  of  the  width  is  to  be  used, 
the  colamns  placed  4  feet  apart,  centre  to  centre.  The  transverse 
beams  are  to  be  15-inch  I  beams,  weighing  50  pounds  per  lineal 
foot.  These  beams  rest  at  one  end  on  the  masonry  walls  and  at 
the  other  on  the  centre  girder,  where  they  abut  against  each  other, 
and  are  spaced  16  inches  apart  on  centres.  These  transverse  beams 
are  to  be  covered  on  top  with  steel  plates  f  x  l(i  inches.  The  lon- 
gitudinal girders  are  made  of  two  12-inch  channels,  weighing  20 
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pounds  per  foot^  placed  back  to  back  and  7  inches  apart.  At  tne 
points  where  the  transverse  beams  rest  two  pieces  of  7-inch  chan- 
nels are  riveted  between  the  longitudinal  channels. 

The  supporting  colvtmns  are  made  of  2  to  7  inch  channels,  weigh- 
ing 14^  pounds  per  foot,  with  two  f  X  12  inch  cover-plates,  riveted 
to  the  channel  flanges.  The  columns  are  finished  top  and  bottom 
with  angle-irons,  in  order  that  they  may  fit  fully  and  squarely  the 
girders  at  the  top  and  a  cast-iron  base  at  the  bottom.  This  iron 
base  is  16  inches  square  at  top  and  2  feet  square  at  bottom,  where 
it  rests  upon  a  masonry  base.  The  cover-plates  of  the  roof  are  to 
be  protected  from  corrosion  by  injecting  coal-tar  on  the  upper 
surface  during  the  construction.  Excepting  the  difficalties  neces- 
sarily attending  the  excavation  and  placing  the  beams  and  col- 
umns, the  method  and  design  are  the  simplest  conceivable.  The 
load  on  the  roofing  beams  was  estimated  as  follows:  Weight  of 
sand  7  feet  deep  at  130  pounds  per  cubic  loot;  20  inches  of  pave- 
ment at  150  pounds  per  cubic  foot;  and  a  moving  load  of  150  pounds 
per  square  foot.  These  aggregate  55,400  pounds  per  lineal  foot  of  a 
carriageway  44  feet  wide.  The  deflection  of  the  transverse  beams  at 
their  middle  points  under  this  load  would  not  exceed  0.35  inch. 

The  material  of  the  lining  or  ironwork  would  weigh  about  3100 
pounds  per  lineal  foot  of  roadway. 

This  is  Mr.  William  E.  Worthen*s  plan. 

726.  The  plan  of  Mr.  William  B.  Parsons  contemplates  four 
tracks;  but  instead  of  all  these  being  on  the  same  level,  two  of 
the  tracks  are  placed  above  the  other  two,  forming  a  two-story  or 
double-deck  system;  the  lower  tracks  supported  on  a  bed  of  con- 
crete, the  upper  on  a  system  of  transverse  beams,  supported  at  one 
end  on  the  masonry  side  walls  and  at  the  other  on  steel  columns 
resting  on  intermediate  masonry  walls.  This  was  also  roofed  over 
with  steel  beams.  These  beams  were  placed  immediately  below 
the  street  paving  or  under  the  cable  subways;  so  that,  while  the 
upper  tier  of  tracks  are  only  10  feet  10  inches  below  the  sidewalk 
level,  or  several  feet  less  depth  than  in  the  Worthen  plan,  the  lower 
tracks  are  about  24  feet  8  inches  below,  or  4  feet  8  inches  lower 
than  that  contemplated  in  the  Worthen  plan.  This  work  was  to 
be  carried  on  in  open  cut,  but  leaving  at  least  one  fourth  of  the 
width  of  the  street  always  open  to  the  traffic;  and, in  addition, this 
plan  contemplated  placing  the  pipes,  mains,  and  wires  in  a  speciaUy 
constructed  subway  beneath  the  tracks  of  the  cable-railway. 

These  three  plans  just  described  show  about  the  general  devel- 
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opment  of  the  plans  and  designs  for  tunnels  intended  for  rapid 
transit.  For  a  full  discussion  of  this  subject^  with  drawings,  see 
Eng.  News,  Oct.  17  and  24,  1891. 

727,  St.  Clair  Tunnel. — ^As  illustrative  of  a  very  difficult  work 
carried  to  a  successful  completion,  we  give  the  following  description 
of  the  construction  of  the  St.  Clair  Tunnel,  under  the  St.  Clair 
River,  which  with  the  Detroit  Biver  forms  the  connection  between 
Lakes  Huron  and  Erie.  Both  rivers  are  wide  and  deep.  Aside 
from  the  cost,  the  difficulties  in  the  way  of  securing  good  founda- 
tions for  the  piers  and  the  obstruction  to  navigation  rendered  im- 
practicable the  construction  of  a  bridge. 

The  first  effort  to  secure  a  satisfactory  passage  was  made  in  an 
attempt  to  tunnel  under  the  Detroit  Biver. 

This  tunnel  was  to  be  8000  feet  long,  of  which  3000  feet  would 
be  under  the  river.  A  tunnel  18^  feet  in  diameter,  lined  with 
brick  masonry  24  inches  in  thickness,  was  contemplated.  This 
tunnel  was  to  have  been  drained  by  a  tunnel  5  feet  in  diameter, 
oonstructed  immediately  below  the  main  tunnel.  The  smaller  or 
drainage-tunnel  was  driven  an  aggregate  of  about  1700  feet  from 
the  two  ends;  but  owing  to  the  difficulties  of  construction,  caused 
principally  by  sudden  irruptions  of  sand  and  water  under  a  press- 
ure greater  than  that  due  to  the  head  from  the  river  above,  the 
work  was  abandoned  entirely  and  finally. 

728.  In  1885,  about  twelve  years  after  the  above-mentioned 
failure,  the  enterprise  was  again  undertaken,  but  on  a  different 
site.  A  point  on  the  St.  Clair  Biver  was  selected,  and  a  number  of 
borings  were  made  on  a  parallel  line  50  feet  south  of  the  centre 
line  of  the  proposed  tunnel.  This  was  done  to  ascertain  approxi- 
mately the  character  of  the  river-bed,  without,  however,  making 
holes  that  might  be  of  subsequent  inconvenience  in  prosecuting 
the  work.  These  borings  were  few  in  number,  and  the  pipes,  6 
inches  in  diameter,  were  simply  driven  by  means  of  a  pile-driver 
through  the  sand  and  gravel  into  the  clay.  The  information  ob- 
tained by  these  borings  was  not  satisfactory,  as  it  was  found  that 
the  underlying  strata  were  formed  of  fine  sand  and  gravel,  and  be- 
low these  a  soft,  tenacious  clay  permeated  with  water  indicated  an 
unstable  kind  of  material  for  tunnelling  through.  It  was,  however, 
decided  upon  to  run  a  drift  or  heading  at  a  depth  of  about  75  feet, 
or  60  feet  below  the  water  surface,  at  which  point  the  crown  of  the 
tunnel  should  be  located.  Shafts  were  immediately  sunk  in  the 
two  banks,  and  drifts  commenced  from  them.     On  one  side  the 
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drift  was  only  driven  about  20  feet,  and  on  the  other  about  18& 
feet;  but  owing  to  the  difficulties  encountered  and  the  dangers  in- 
curred, this  work  was  also  abandoned.  Gas,  water,  and  quicksand 
were  encountered;  an  explosion  of  gas  occurred  at  one  time.  The 
drift  was  driven  in  the  usual  manner,  i.e.,  with  frames  and  sheet- 
ing.    Nothing  farther  was  done  until  the  year  1888. 

729.  The  importance,  or  rather  the  necessity,  from  a  business 
standpoint,  was  evidenced  by  the  third  attempt  to  drive  the  tun- 
nel, which  was  carried  to  completion.  The  estimated  cost  was 
12,500,000.  The  interest  on  this  sum  was  guaranteed,  bonds  issued 
and  sold,  and  the  work  undertaken  in  a  manner  to  insure  success. 

A  proper  beginning  was  made  by  an  elaborate  system  of  borings. 
The  borings  were  made  on  the  centre  line  of  the  tunnel,  and  at 
intervals  of  20  feet  all  the  way  across  the  river.  Sufficient  infor- 
mation had  already  been  obtained  to  settle  the  question  as  to  the 
location  of  the  tunnel.  It  could  not  be  driven,  or  at  least  it  was  so 
believed,  above  the  clay;  and  the  depth  of  the  rock  below  the  sur- 
face, as  well  as  its  loose,  porous,  and  shaly  character,  and  being  of 
the  same  formation  which  furnishes  gas  at  many  points  in  the 
vicinity,  precluded  the  plan  of  tunnelling  through  the  rock.  All 
things  considered,  it  was  decided  to  drive  the  tunnel  in  the  clay 
stratum  at  about  the  middle  of  its  depth,  leaving  a  thickness  of 
about  12  feet  both  above  and  below  it.  This  being  settled,  the 
borings  were  only  extended  to  the  clay,  mainly  to  be  sure  of  locat- 
ing the  tunnel  properly  with  respect  to  the  clay  stratum,  and  to 
avoid  holes  through  the  upper  portion  of  the  clay  into  the  tunnel. 
For  these  borings  the  6-inch  pipes  were  mainly  sunk  by  means  of 
the  water- jet,  or  aided  by  the  pile-driver.  There  were  110  borings, 
sunk  about  40  feet  each  below  the  water  surface,  consuming  about 
70  days,  and  at  a  total  cost  of,  for  all  borings  on  and  off  of  the 
centre  line  of  the  tunnel,  and  averaging  45  feet  in  depth  and  121  in 
number,  $5000,  or  a  cost  per  foot  of  bore-hole  of  $0.91. 

The  writer  has  made  a  number  of  borings  from  50  to  90  feet  in 
depth  for  50  cents  per  foot,  with  good  profit  to  the  contractor,  per- 
haps not  in  so  great  a  current  or  with  as  many  other  difficulties  to 
contend  with  as  on  the  St.  Clair  River.  In  Fig.  291  is  shown  a 
cross-section  of  the  river,  with  water,  sand,  clay, and  rock  lines;  also 
a  longitudinal  section  of  the  tunnel,  with  its  grades,  heights,  etc 
The  heights  were  21  feet  on  the  steep  grades  at  the  junction  with 
the  lighter  grades,  and  20  feet  on  normal  lines.  There  was  a  con- 
tinuous downward  slope  from  the  United  States  shaft  to  the  shaft 
on  the  Canada  side. 


TUNNELS, 


823 


The  lowest  point  of  the  tunnel  below  surface  grade  of  the  rail- 
road is  100  feet. 

Shafts  were  sunk  on  each  shore — one  58  feet  in  depth  and  the 
other  90  feet.  At  this  depth  the  inflow  of  material  was  more  rapid 
than  it  could  be  removed.  The  shafts  were  then  abandoned  and 
filled  up. 

It  was  now  determined  to  carry  on  the  work  from  the  two  sides 
of  the  river  in  open  cut  as  far  as  might  be  practicable,  or  might  not 
prove  more  expensive  than  the  tunnel.  Owing  to  the  repeated 
mishaps  and  failures^  contractors  either  would  not  or  dared  not 
undertake  the  work  except  on  such  liberal  allowances  for  contin- 
gencies as  would  justify  this  mode  of  construction;  and  conse- 
quently the  work  had  to  be  undertaken  by  the  railway  company 
itself. 

The  total  length  is  about  8500  f  eet^  made  up  of  the  approach  on 
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the  American  side  2300  feet,  under  the  river  2200  feet,  and  the 
Canadian  approach  4000  feet. 

730.  In  the  following  Figs.  291  (b)  and  291  (a)  are  shown  the 
general  design  and  construction  of  the  iron  shield  used  in  driving 
the  tunnel  through  the  soft  and  treacherous  clay.  This  shield  was 
designed  by  Mr.  Hobson,  the  Chief  Engineer.  It  resembles  in 
some  respects  the  Beach  shield. 

The  shield  consists  of  a  cylindrical  shell  of  steel  15  feet  3  inches 
long,  and  21  feet  G  inches  in  external  diameter. 

The  steel  plates  are  one  inch  thick,  and  planed  to  size  5  feet 
7|^  inches  long  and  4  feet  broad.  Twelve  of  these  plates  make  one 
complete  ring,  and  three  of  these  rings,  together  with  One  3  feet  3 
inches  wide,  make  the  entire  shell  in  circumference  and  length. 
The  plates  were  simply  abutted  against  each  other  both  along  longi- 
tudinal and  circumferential  joints.     Over  tlie  longitudinal  joints, 
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for  the  rearmoBt  ring  of  the  shield,  splice-plates  were  placed  both  in- 
side and  oatside;  the  inner  plate  was  2  feet  11^  inches  long  and  i 
inch  thick,  the  outer  plates  4  feet  long  and  ^  inch  thick,  each  1 
foot  wide.  These  outer  splice-plates  were  the  only  projections  on 
the  exterior  surface. 

This  form  of  joint  for  the  rear  ring  was  required  in  order  to 
leave  room  for  the  hydraulic  rame,  which  were  placed  around  and 
close  to  the  inner  cylindrical  surface  of  the  shell,  and  also  as  the 
iron  lining  always  extended  into  the  rear  end  and  close  to  the  sSDie 
surface,  thereby  leaving  no  interval  between  the  shield  and  the 
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permanent  lining  of  the  tunnel.  All  of  the  rivets  at  these  joint* 
were  countersunk.  To  the  inner  surface  and  along  all  the  edges 
of  the  other  plates  forming  the  forward  rings  angle-irons  were 
riveted;  the  rings  were  formed  and  connected  to  each  other  bj 
riveting  through  the  free  and  projecting  legs  of  the  angle-irons, 
Those  joints  were  not  favorable  so  far  as  resiKting  tension  was  con- 
cerned, but  the  angles  acted  as  stiffening  ribs  to  the  plates  in  resist- 
ing compression  from  without  and  distortion  or  ileforuiation. 

The  front  edge  of  the  shield  was  planed  to  a  cutting  edge  on  an 
angle  of  20°.  The  bulkhead  iu  the  shield  was  placed  at  the  first 
circumferential  joint,  i.e.,  4  feet  from  the  rear  edge  of  the  shield; 
its  edge  was  riveted  between  the  angle-irons  forming  this  joint. 
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It  was  made  of  ^-inch  steel  plate.  To  the  rear  face  of  this  plate 
there  were  riveted  7  horizontal  and  3  yertical  stiffeners^  only  extend- 
ing to  points  9  inches  from  its  circumferential  edge.  In  the  lower 
part  of  the  bulkhead  there  were  two  openings^  each  6  feet  high 
and  4^  feet  wide,  through  which  all  of  the  material  excavated  in 
front  of  the  shield  passed.  A  sliding  door  was  constructed  for 
these  openings,  which  could  be  lowered  over  the  openings  in  case 
there  was  danger  of  an  inflow  of  material,  such  as  water  or  quick^ 
sand,  from  the  front  of  the  shield.  It  was  not  found  necessary  to 
close  these  doors  in  this  work. 

To  admit  the  hydraulic  rams  used  to  force  forward  the  shield, 
24  holes  13^  inches  in  diameter  were  cut  through  the  bulkhead 
near  its  circumference;  to  reinforce  the  plates  through  which  these 
holes  were  cut,  plates  16  inches  wide  and  i  inch  thick  were  riveted 
to  the  bulkhead  all  around  its  edge.  To  receive  each  ram  two 
gusset-plates  were  bolted  to  the  bulkhead  and  to  the  shell  of  the 
shield.  These  transmitted  to  the  outer  shell  the  thrust  of  the 
rams.  The  tail  of  the  cylinder  of  the  hydraulic  jack  was  fitted  in 
a  ring,  bolted  between  the  gusset-plates.  The  head  of  the  cylinder 
was  flanged,  and  rested  against  the  bulkhead.  That  portion  of  the 
cylindrical  shell  in  front  of  the  bulkhead  was  strengthened,  and 
deformation  prevented  by  placing  three  vertical  and  two  horizontal 
partitions.  These  latter  also  served  as  platforms  for  the  workmen 
at  the  front  face  of  the  tunnel.  These  partitions  and  platforms 
were  placed  so  that  between  their  rear  ends  and  the  bulkhead  there 
was  an  open  space.  Across  this  space,  however,  were  placed  a  series 
of  flat  plates  7  X  i  inches,  firmly  riveted  to  the  vertical  partitions 
at  one  end  and  the  bulkhead  at  the  other.  These  were  intended  to 
prevent  the  giving  way  of  the  bulkhead  in  case  they  should  be 
subjected  to  a  great  pressure  arising  from  an  inrush  of  material  from 
the  front.  The  horizontal  partitions  then  extended  from  4  feet  in 
front  of  the  bulkhead  to  the  cutting  edge  of  the  shield,  or  about  7 
feet  in  length.  The  vertical  petitions  were  sloped  back  from  the 
cutting  edge.  The  workmen  standing  on  the  horizontal  partitions 
of  the  platform  excavated  and  shovelled  the  material  to  the  rear, 
80  that  it  fell  through  the  open  space  and  down  in  front  of  the 
doorways  in  the  bulkhead,  through  which  the  material  was  car- 
ried, and  thence  out  to  the  end  of  the  tunnel.  The  doors  slid 
in  grooves  faced  with  rubber  bands  when  the  chains  suspending 
them  were  loosened.  A  very  just  criticism  upon  this  arrangement 
is  that  no  provision  was  made  to  force  the  doors  down  to  their 
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bearings  in  case  they  were  jammed  by  the  pressure  arising  from  the 
inflow  of  material — the  weight  of  the  door  itself  being  the  sole  re- 
liance. As  a  safety^  precaution  holes  were  bored  with  an  auger  at 
least  8  feet  in  advance  of  the  excavation^  so  that  if  a  pocket  of 
quicksand  or  water  existed  proper  provisions  could  have  been  made 
to  meet  the  danger,  and  at  any  rate  ample  time  would  have  been 
given  the  workmen  to  escape  through  the  openings^  and  also  for 
closing  the  doors. 

731.  For  a  distance  of  1716  feet  on  one  side  of  the  river  and  1994 
feet  on  the  other  the  work  was  carried  on  without  the  aid  of  com- 
pressed air,  but  when- the  tunnel  reached  the  banks  of  the  river 
provision  was  made  for  the  use  of  compressed  air  by  building  solid 
bulkheads  of  brick  masonry  in  cement  mortar.  These  walls  wer^ 
8  feet  in  thickness  along  the  axis  of  the  tunnel,  and  through  them 
two  large  air-locks,  17  feet  long  and  6  feet  in  diameter,  were  built 
for  the  passing  of  men  and  ordinary  tools,  materials,  etc.  Also, a 
lock  25  feet  long  and  10  inches  in  diameter  was  constructed  iii 
order  to  pass  sections  of  pipe,  etc.,  too  long  for  the  main  locks. 
The  compressed  air  was  furnished  by  two  20  x  24  inch  IngersoU 
compressors  at  each  end,  and  a  6-inch  wrought-iron  leading  pipe. 
Only  a  moderate  pressure  of  10  pounds  was  at  first  used,  which  was 
increased  to  as  much  as  28  pounds  above  the  atmospheric  pressure, 
when  bad  material  was  encountered.  It  is  probable  that  the  work 
could  have  been  carried  on  more  economically  and  rapidly  had  com- 
pressed air  been  used  at  an  earlier  stage  of  th^  work,  as  in  many  cases 
caving  and  sloughing  increased  the  quantity  of  material  to  be  re- 
moved as  much  as  50  per  cent,  which  the  compressed  air  would 
have  prevented. 

732.  Shields  for  underground  excavations  have  been  used  in 
one  form  or  another  for  a  long  period  of  time.  Mr.  Brunei,  in 
tunnelling  through  mud  under  the  Thames  Eiver,  England, 
used  a  shield  made  of  iron  plates.  At  the  front  end  was  a 
bulkhead  composed  of  a  series  offcast  and  wrought  iron  frames 
standing  vertically  and  side  by  side.  Each  frame  stood  on  cast- 
iron  feet  resting  on  a  plank  flooring;  to  these  feet  the  frames  were 
connected  by  hinged  arms.  The  frames  were  also  similarly  con- 
nected to  each  other.  Each  frame  was  covered  in  front  by  poling- 
boards.  They  were  3  feet  broad,  and  had  three  stages  or  platforms 
in  their  height,  from  which  men  could  work.  The  poling-boards 
were  3x6  inches  in  thickness  and  width  respectively.  Each  of  the 
frames  worked  independently.     The  work  was  carried  forward  by 
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removing  in  every  alternate  frame  one  of  the  poling-boards,  exca- 
vating about  6  inches  ahead^  and  replacing  the  board  and  holding 
it  against  the  material  with  two  small  jack-screws.  When  this  had 
been  done  in  front  of  6  of  the  12  frames,  the  frames  themselves 
were  lifted  and  pressed  forward  by  two  large  screw-jacks,  which 
rested  against  them  at  one  end  and  the  completed  masonry  lining 
in  rear.  Then  the  remaining  six  alternate  frames  were  operated 
in  the  same  manner. 

The  shields  for  the  Hudson  River  tunnel  were,  in  their  general 
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construction,  similar  to  those  described  for  the  St.  Clair  tunnel, 
differing,  however,  in  many  details  of  construction. 

733.  But  few  tunnels  up  to  this  time  had  been  lined  through- 
out with  iron  instead  of  brick  masonry.  One  of  these,  which  was 
then  in  course  of  construction,  was  the  Hudson  River  tunnel. 
The  lining  for  this  is  19  feet  6  inches  in  outside  diameter  and  li 
inches  thick. 

In  the  St.  Clair  tunnel  an  iron  lining  was  used  also,  21  feet  2 
inches  in  outside  diameter  and  2  inches  thick.  The  iron  lining,  in 
soft  and  yielding  materials,  saturated  with  water,  is  considered  both 
more  reliable  and  permanent  than  one  of  brick.  (See  Figs.  291  (c) 
and  (d).)  This  lining  is  made  up  of  cast-iron  segments  4|^  inches 
in  length  and  18^  inches  in  width,  with  a  thickness  of  2  inches* 
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The  flanges  for  the  circumferential  joints  are  ^  inches  thick,  and 
for  the  radial  or  longitudinal  joints  2f  inches  thick  at  the  base  and 
1|  inches  thick  at  outer  edge.  Through  each  of  the  former  flanges 
are  cored  twelve  1-inch  holes,  spaced  4^  inches,  and  bosses  J  inch 
high  and  3  inches  in  diameter  are  cast  on  the  inner  surface  of  the 
flange  to  compensate  for  the  weakening  caused  by  the  holes.  Each 
longitudinal  flange  has  four  bolt-holes,  spaced  3  inches  apart. 
Also  a  lit  hole  was  cored  through  the  shell  of  the  segment,  through 
which  cement  grout  could  be  injected  to  fill  in  the  space  between 
the  lower  half  of  the  lining  and  the  clay,  requiring  about  a  3-inch 
layer.  The  loss  of  strength  due  to  these  holes  was  compensated 
for  by  a  3i-inch  boss.  A  complete  ring  required  13  segments  and 
a  key-piece  9J  inches  long.  To  bolt  the  segments  of  each  ring 
required  56  bolts  5  J  X  |  inches,  while  to  connect  the  rings  together 
required  157  bolts  8  X  J  inches.  All  bolts  were  of  mild  steel,  with 
square  heads  and  hexagonal  nuts;  these  were  screwed  up  against  a 
"wrought-iron  washer  If  X  i  inches. 

The  joints  were  made  tight  against  leakage  by  means  of  ^y-inch 
oak  packing-pieces,  the  iron  surfaces  having  been  previously  planed. 
These  packing-pieces  absorbed  water,  swelled,  and  made  a  tight 
joint.  They  were  only  placed  in  the  longitudinal  joints.  In  the 
circumferential  joints  coarse  canvas  covered  with  asphalt  was  used; 
over  which  on  the  inner  edge  a  groove  was  left  in  the  abutting  sur- 
faces i  inch  wide  and  2  inches  deep  for  a  lead  calking,  if  found 
necessary.  This  has  been  put  in  around  many  of  the  joints.  If 
the  timber  packing  rots  or  does  not  prevent  leakage,  it  can  be 
removed  and  the  joint  calked  with  lead.  All  segments  varying 
from  the  specified  dimensions  more  than  -3^  inch  were  rejected; 
-also,  the  variation  in  weight  allowed  was  between  the  limits  of  1000 
and  1050  pounds.  The  lining  required  9333  pounds  of  iron  per 
lineal  foot,  or  56,000,000  pounds  in  all.  The  iron  segments  were 
heated  to  about  400°  F.  and  dipped  in  a  bath  of  melted  pitch 
before  using.   The  wooden  packing-pieces  were  also  soaked  in  pitch. 

The  temporary  track  in  the  tunnel  was  laid  on  a  bed  of  earth. 
This  was  subsequently  removed,  and  the  whole  tunnel  thoroughly 
cleaned.  The  lower  half  was  then  lined  with  brick,  laid  in  cement 
mortar  to  a  thickness  equal  to  the  depth  of  the  inner  flanges,  and 
brickwork  was  also  laid  for  the  support  of  the  timber  of  the  per- 
manent track.  Over  the  whole  was  then  placed  a  1-inch  layer  of 
neat  cement  mortar,  f  his  protected  the  lower  half  of  the  iron  work 
from  corrosion,  especially  that  caused  by  the  drippings  of  brine 
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from  the  refrigerator-cars.  The  upper  half  of  the  iron  lining  was 
painted  with  asphalt.  The  stringers^  ties^  and  guard-rails  were 
treated  with  16  pounds  of  creosote  per  cubic  foot.  The  iron  rails 
weigh  100  pounds  per  yard. 

Fig.  291(c)  shows  vertical  transverse  sections  of  tunnel  and  iron 
lining,  with  some  details  of  segments,  track,  etc.  Fig.  291(d)  shows 
longitudinal  section  and  view  of  a  portion  of  the  lining  track,  etc. 

734.  To  push  the  shield  into  the  clay  24  hydraulic  jacks  were 
provided,  each  of  which  was  mounted  between  gusset-plates  firmly 
riveted  to  the  outer  shell  of  the  shield  (see  Fig.  291(a)).  Each  jack 
had  two  cylinders — one  8  inches  in  diameter  for  forcing  the  shield 
forward,  the  other  2f  inches  in  diameter  for  drawing  back  the 
larger  plunger  in  order  to  make  room  for  placing  a  new  ring  of  the 
lining.  The  effective  area  of  the  larger  was  49^  square  inches,  and 
of  the  latter  3f  square  inches.  The  water  pressure  averaged  about 
2000  pounds  per  square  inch,  so  that  the  larger  plunger  exerted  a 
pressure  of  99,000  pounds  and  the  smaller  7250  pounds.  The 
cylinders  were  made  of  cast  steel,  as  was  the  head  which  received 
the  thrust.  The  plunger  was  of  cast  iron.  The  jacks  were  made 
as  small  as  possible,  and  were  placed  as  close  to  the  inner  lining  as 
practicable  so  as  to  bring  the  pressure  on  the  solid  iron  in  the 
tunnel  lining,  and  not  endanger  the  flanges  of  the  segments  of 
which  it  was  formed.  The  extreme  length  of  stroke  was  26  inches, 
the  usual  stroke  was  limited  to  23  inches,  which  gave  ample  room 
for  placing  a  new  ring  of  the  iron  lining.  In  this  manner  the 
shield  was  pushed  forward,  the  jacks  transmitting  the  pressure  at 
one  end  to  the  lining  of  the  shield  and  at  the  other  to  the  perma- 
nent iron  lining.  The  shield  was  pushed  forward,  the  material  at 
the  front  excavated  and  removed,  and  a  new  ring  added  to  the  per- 
manent lining.  It  is  not  necessary  to  describe  the  details  of  the 
eocks>  valves,  and  pipes  connected  with  the  jacks  for  regulating  and 
controlling  their  action.  The  pumps,  as  well  as  the  other  plant,  were 
placed  near  the  entrance  to  the  tunnel  on  each  side  of  the  river. 
The  water-pipe  from  the  pumps  to  the  jacks  was  1^  inches  internal 
diameter;  it  had  to  be  lengthened,  as  the  shield  advanced,  under 
pressure.  This  required  a  special  device,  which  consisted  of  two 
half.lengths  of  pipe  having  a  kind  of  hinged  or  link  motion.  The 
maximum  length  of  this  pipe  on  one  side  of  the  river  reached 
4000  feet,  between  the  pump  and  the  jacks. 

Practically  the  only  resistance  to  the  forward  motion  of  the 
shield  was  the  friction  of  the  cylinder  against  the  clay.    As  the 
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pressure  required  to  overcome  this  resistance  vaiied  from  450  to 
2000  tons^  and  the  cylindrical  surface  in  contact  with  the  clay  was 
1030  square  feet^  the  frictional  resistance  per  square  foot  wa£  from 
850  to  3880  pounds,  or  6  to  27  pounds  per  square  inch. 

The  tunnel  was  lighted  by  electricity,  by  means  of  incandescent 
lamps. 

736.  Ventilation  was  eflfected  by  two  Boot  blowers  at  each  end, 
each  having  a  capacity  of  10,000  cubic  feet  per  minute.  These 
delivered  air  into  a  galvanized-iron  pipe  two  feet  in  diameter, 
which  was  supported  under  the  roof  of  the  tunnel  and  terminated 
B,t  the  air-locks.  Pipes  were  carried  beyond  the  air-locks  as  the 
work  advanced,  so  as  to  deliver  the  fresh  air  near  the  shield  at  all 
times.  As  no  lanterns  or  torches  and  but  little  powder  and  steam 
were  used  in  the  tunnel,  the  ventilation  was  unusually  perfect. 

786.  The  drainage  of  the  tunnel  proper,  both  during  construe-, 
tion  and  subsequently,  has  proved  to  be  a  simple  matter,  but 
required  the  use  of  pumps,  owing  to  the  down  grade  from  both 
sides.     The  iron  lining  is  almost  impervious. 

The  greatest  difficulty  arises  from  the  necessity  of  preventing 
the  surface  and  seepage-water  along  the  slopes  of  the  open -cat 
approaches  from  running  into  the  tunnel.  This  was,  however,  con- 
trolled  by  collecting  the  water  in  shafts  or  wells  and  pumping  the 
same  into  pipes  or  drains  constructed  to  carry  off  the  water.  Pump- 
ing capacity  is  provided  sufficient  to  take  care  of  a  rainfall  of  3 
inches  per  hour. 

737.  As  fast  as  the  material  in  the  tunnel  was  excavated  it  was 
loaded  on  four-wheel  cars  holding  about  1  cubic  yard  each,  and 
drawn  by  horses  to  the  mouth  of  the  tunnel.  At  this  point  a  derrick 
lifted  the  car-body  from  the  truck  and  landed  it  half-way  up  the 
slope  of  the  open  cut;  another  derrick  lifted  it  from  this  level  to 
the  top  of  the  slope,  where  the  earth  was  dumped  into  a  flat  car, 
wliich  was  then  hauled  by  horse  or  locomotive  power  to  the  proper 
dumping-grou  nd. 

738.  Locating  the  Centre  Line  of  the  Tunnel. — At  the  far  end 
of  each  open  cut  a  brick  pier,  3  feet  square  and  bedded  at  a  depth 
of  12  feet  below  the  surface,  was  constructed.  This  was  capped 
with  a  cut-stone  block  2  feet  thick,  on  which  was  placed  a  theodo- 
lite, over  which  a  comfortable  house  was  built.  The  object-glasses 
were  2^  inches  in  diameter.  These  two  instruments  at  the  extreme 
outer  edge  of  the  work  were  in  full  view  of  each  other.  Each  in- 
strument was  adjusted  to  bisect  the  object-glass  of  the  other;  dis- 
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tance  apart  2100  yards.    An  ordinary  7-inch  Stackpole  transit  was 
placed  at  the  mouth  of  the  tunnel,  and  adjusted  until  it  was  exactly 
on  the  line  of  sight  of  the  large  theodolite.    The  small  transit  was 
then  sighted  on  the  object-glass  of  the  theodolite  for  a  back-sight 
and  reversed  to  prolong  the  line  into  the  tunnel.     There  was  there- 
fore no  difficulty  in  keeping  the  line  straight  until  the  brick  bulk- 
head was  reached.     To  carry  the  line  through  and  beyond  the  bulk- 
head into  the  air-chamber  the  following  plan  was  adopted :  A  cast- 
iron  pipe  12  inches  in  diameter  and  25  feet  long  was  built  into  the 
bulkiiead  and  projecting  on  either  side,  and  placed  on  the  centre 
line  of  the  tunnel ;  this  pipe  was  closed  at  each  end  with  a  hinged 
cover  of  heavy  plate-glass,  and  provided  with  valves  at  each  end,  so 
that  the  pipe  could  be  converted  into  an  air-lock.     The  glass  plates 
were  covered  with  iron  plates  for  protection  to  them  when  not  in 
use.     In  the  pipe  near  each  end  a  set  of  cross-wires  were  mounted 
on  a  ring,  adjustable  in  the  same  manner  as  the  cross-hairs  in  any 
transit.     To  adjust  these  cross-wires  a  transit  was  set  up  in  rear  of 
the  bulkhead  and  adjusted  exactly  on  the  centre  line  of  the  tunnel; 
both  the  iron  and  glass  cover  on  the  rear  end  of  the  pipe  were  re- 
moved 80  that  the  sight  could  be  taken  directly  on  the  wires  in  the 
pipe,  only  the  iron  cover  was  removed  from  the  front  end   of 
the  pipe ;  and  the  cross-wires  were  illuminated  by  an  electric  light 
held  up  in  front  of  the  front  glass  cover.    The  vertical  wires  were 
then  adjusted  to  the  same  and  proper  vertical  plane.     The  transit 
was  then  carried  through  air-locks  in  the  bulkhead  and  set  up  in 
front  of  the  iron  pipe;  the  front  glass  was  now  removed  after  closing 
the  rear  glass  on  the  opposite   side  of  the  bulkhead,  in  rear  of 
which  an  electric  light  was  held;  again  the  cross- wires  were  in  an 
unobstructed  view;  the  transit  was  now  shifted  until  its  line  of  col- 
limation  was  in  the  same  vertical  plane  with  the  adjusted  vertical 
wires  in  the  iron  pipe,  and  the  line  was  then  prolonged  by  reversing 
the  transit.     The  position  of  the  centre  of  the  shield  and  of  the 
plane  of  the  bulkhead  was  tested  every  day,  and  if  found  out  of 
line  or  position,  it  was  forced  into  its  proper  place  by  using  only 
a  certain  number  of  the  jacks,  leaving  the  others  idle  for  the  time. 
It  is  to  be  noted  that  by  the  method  of  alignment  used  errors  that 
might  arise  from  sighting  through  glass  were  avoided,  as  the  sight 
was  taken  on  the  naked  wires.     It  was  important  that  when  the 
shields  met  there  should  be  no  error  whatever  in  the  alignment 
or  levels  from  the  twc  ends.     To  insure  against  such  errors  the 
shields  were  stopped  when  about  100  feet  apart,  and  a  6-foot  drift 
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was  run  between  the  two,  lined  with  timber.  Proper  measure- 
ments were  made  through  this  drift  to  verify  the  accuracy  of  the 
preceding  work.  As  a  result,  when  the  two  shields  met  the  error 
in  levels  was  only  ^  inch,  and  in  the  line  it  was  inappreciable. 
The  levels  were  run  by  the  ordinary  method.  In  this  tunnel  the 
conditions  for  an  accurate  alignment  were  very  favorable,  as  the 
view  along  the  surface  of  the  ground  was  unobstructed  from  end 
to  end.  Had  an  intervening  hill  existed,  three  theodolites  would 
have  been  necessary  in  order  to  have  pursued  the  same  method- 
one  at  each  end  and  one  on  the  higher  intervening  ground.  Had 
the  country  been  rugged  and  mountainous,  the  exact  method 
would  have  been  impracticable.  In  this  case  an  accurate  triangu- 
lation  would  have  been  necessary  to  have  established  the  directions 
of  the  line  at  the  two  ends,  or  to  have  located  the  proper  positions 
of  shafts,  if  these  were  to  be  used.  Where  intermediate  shafts  are 
used  in  order  to  run  the  drifts  on  the  proper  line,  the  usual  method 
is  to  establish  accurately  the  line  over  the  top  of  the  shaft,  then  to 
place  a  straight-edge  across  the  shaft  on  the  line,  and  by  the  use  of 
heavy  plumb-bobs  suspended  with  long  chords  to  transfer  the  line 
to  the  bottom  of  the  shafts.  As  this  line  can  only  be  a  few  feet  in 
length,  errors  of  exact  transference,  and  the  greater  chance  of  error 
in  working  from  a  short  line  in  both  directions,  have  to  be  met  and 
overcome.  Or  the  line  can  be  transf  eiTed  by  a  transit  having  what 
is  called  a  "diagonal  eye-piece*'  for  sighting  vertically  upwards,  then 
revolving  the  transit  on  its  horizontal  axis,  and  thus  transferring  the 
line  of  the  straight-edge  to  the  bottom  of  the  shaft.  These  shafts, 
called  permanent  or  working  shafts,  may  have  any  diameter  desired, 
— the  larger  the  better.  They  have  been  made  as  much  as  50  feet 
in  diameter.  They  may  be  rectangular  or  circular  in  form.  When 
rectangular,  they  are  usually  timber-lined;  when  round,  lined  with 
either  brick  or  iron. 

They  are  expensive  to  construct,  and  increase  the  cost  of  exca- 
vating the  tunnel  proper  on  account  of  the  time  and  labor  required 
to  lift  the  material  to  great  vertical  distances.  They  aid  greatly  in 
the  rapidity  of  excavating  the  tunnel,  and  where  large  sums  of 
money  are  to  be  expended  the  loss  of  interest  may  be  greater  than 
the  cost  of  construction  of  the  shaft;  and,  on  the  whole,  they  may 
prove  to  be  the  most  economical  method  of  prosecuting  the  work. 

739,  The  Stampede  or  Cascade  Tunnel  on  the  Northern  Pacific 
Eailway.— This  tunnel  is  9850  feet  from  portal  to  portal,  16^  feet 
in  the  clear  width,  and  22  feet  in  clear  height.    The  material 
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through  which  it  was  driyen  varied  from  yery  hard  rock  and  rock 
of  medium  hardness  to  a  shaly  substance  which  swelled  upon  expo- 
sure to  air  and  moisture^  bringing  to  bear  a  tremendous  pressure 
upon  the  lining.  While  a  full  account  of  the  construction  of  this 
tunnel  would  be  interesting  and  instructive,  space  will  not  allow  it, 
as  tunnelling  operations  have  been  already  discussed.  A  few  points 
of  interest  will  be  mentioned,  especially  as  an  accurate  account  of 
the  cost  was  kept  and  published.  As  the  contract  required  the 
work  to  be  executed  in  28  months,  and  6  months  was  consumed  in 
driving  900  feet  by  the  use  of  hand-drills,  it  required  an  average 
progress  of  13.57  feet  per  day  for  the  remaining  22  months,  which, 
it  may  be  stated  here,  was  accomplished. 

The  usual  method  of  tunnelling  in  rock,  especially  where  a 
limited  amount  of  water  was  encountered,  was  adopted,  namely, 
driving  a  heading  near  the  top— in  this  case  an  8-foot  heading. 
^Yith  the  exception  of  about  500  feet  inward  from  each  portal, 
where  the  rock  was  hard,  the  entire  tunnel  was  timber-lined.  The 
average  number  of  men  employed  was  350,  and  their  wages  varied 
from  12.50  to  $5.00  per  day.  A  bonus  of  25  to  50  cents  for  each 
foot  was  paid  for  any  progress  made  over  the  required  daily  aver- 
age. Work  was  carried  on  night  and  day.  There  was  required  of 
the  different  grades  of  powder  or  explosive  used  a  total  of  H09,625 
pounds.  The  rock  was  of  a  basaltic  character,  with  a  considerable 
dip,  which,  together  with  its  shaly  condition,  rendered  it  necessary 
to  keep  a  strong  lining  close  up  to  the  front  of  the  excavation.  To 
allow  for  the  timbering,  the  excavation  had  to  be  19^  feet  wide  and 
23  feet  10  inches  high,  or  an  equivalent  of  15.7  cubic  yards  per  lineal 
yard  more  than  the  clear  section  of  the  tunnel.  The  heading  was 
taken  out  to  the  full  width  of  the  tunnel  at  a  point  8  feet  below 
the  top.  While  hand-drilling  was  used,  there  were  employed  in 
each  heading  17  men  with  23  helpers  or  clearers,  and  the  daily  pro- 
gress made  was  4  lineal  feet  in  24  hours.  When  air-drilling,  5 
drills  were  used  at  each  end.  Below  this  heading  a  bench  was  left, 
upon  which  rested  the  supports  for  the  lining ;  the  excavation  of 
the  bench  was  carried  forward  at  the  same  time,  its  rear  face  or 
hreast  being  10  to  20  feet  in  rear  of  the  face  of  the  heading.  In 
blasting,  from  20  to  23  holes,  averaging  about  12  feet  in  depth, 
were  made  in  the  face  of  the  headings,  and  about  18  of  the  same 
depth  in  the  face  of  the  benches.  Each  drill  would  make  in  me 
dium-hard  rock  6  or  7  holes  in  5  hours  ;  but  in  very  hard  rock  not 
more  than  one  third  of  the  aggregate  depth  would  be  made. 


834  THB  STAMPEDE  OR  CASCADE  TUNKEL. 


The  10  drills,  5  in  each  end,  made  a  progress  of  6.9  feet  per  end, 
or  a  total  of  13.8  feet.  In  each  end  about  400  pounds  of  powder 
were  used  at  each  blast.  This  would  break  from  8  to  12  lineal  feet 
of  rock,  but  in  hard  rock  only  about  4  feet  in  the  headings  and  6 
feet  in  the  benches.  The  timber-posts  were  12  X  12  inches,  the 
wall-plates  and  the  five  segments  in  the  arch-lining  were  also  12  X 
12  inches  ;  the  sills  were  8  x  12  inches.  The  poling-boards  were 
4x6  inches.  The  vacant  spaces  above  the  timber  lining  were 
packed  full  of  cord-wood.  The  frames  were  from  2  to  4  feet  apart, 
depending  upon  the  character  of  the  material  excavated.  The 
materials  were  hauled  out  with  mules  until  the  length  of  the  haul 
exceeded  half  a  mile,  when  special  platforms  were  constructed, 
under  which  cars  were  run  and  loaded,  and  the  hauling  was  done 
for  the  remaining  work  with  locomotives.  In  some  cases  the  12- 
inch  timbers  were  reduced  to  a  thickness  of  4  inches  under  the 
great  pressure  due  to  the  swelling  of  the  shale. 

As  it  was  evident  that  the  material  would  be  self-sustaining,  it 
only  it  was  covered  so  as  to  prevent  exposure,  masonry  walls  were 
not  considered  necessary.  But  it  was  determined  to  use  concrete 
walls,  composed  of  1  cement,  2  sand,  and  5  broken  stone;  these  had 
a  minimum  thickness  of  three  feet.  Every  alternate  post  was 
removed,  and  struts  inclining  to  the  adjacent  posts  on  either  side 
substituted;  this  space  was  then  built  up  with  concrete,  the  inter- 
mediate posts  were  then  removed,  and  the  vacant  spaces  filled  with 
concrete.  Above,  and  resting  on  the  walls,  a  brick  arch  was  con- 
structed to  support  the  roof. 

The  total  cost  of  the  tunnel  was  $1,160,000,  or  $118  per  linear 
foot. 

The  following  table  gives  an  itemized  statement  of  cost  to  the 
company  and  to  the  contractor  of  the  work  done  during  one  month. 
During  this  month  everything  was  favorable  for  rapid  prosecution 
of  the  work. 

During  this  month  an  advance  of  246  feet  was  made  in  one  end 
of  the  tunnel  and  258  feet  in  the  other,  or  a  daily  rate  of  8.2  and 
8.6  feet,  making  a  total  of  16.8  feet  per  day.  During  this  n^onth 
the  cost  to  the  company  was  $52,485.50,  or  $104.15  per  linear  foot, 
and  to  the  contractor  $37,427.57,  or  $74.26  per  linear  foot,  giving 
a  profit  of  $29.87  per  linear  foot  to  the  contractor.  This  was 
based  on  the  following  itemized  statement  of  costs.  Allowing  for 
interest  on  cost  of  plant  at  ^50,000  X  $0.06;  depreciation  in  value 
of  plant  for  the  entire  work  75  per  cent,  and  for  one  month  one 
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twenfcy-eighth  of  this,  i50,000  X  $0.75  X  7^;  and  an  additional  10 
per  cent  allowance  for  contingencies  on  all  expenses,  there  results: 

Table  LXn. 

Pay-rolls  for  labor  at  the  two  ends $22,897.75 

160,000  feet  B.  M.  @  |10 1,600.00 

1 562  pounds  iron  @  $0.6 93.72 

127  cords  of  wood  (^  $3 381.00 

480  tons  of  coal  @  $4 1,920.00 

1800  caps  (estimated)  ®  $0.1 18.00 

28,800  feet  fuse  ©  $0.1 288.00 

228,000  pounds  Giant  powder  (^  $0.16 3,648.00 

Allowance  for  interest,  $100,000  ©  6^  for  1  month 500.00 

Depreciation  of  plant,  $100,000  x  $0.75  X  ^ 2,678.60 

$34,025.07 
Add  10  per  cent 3,402.50 

Total  cost  to  contractor $37,427.57 

Cost  per  linear  foot  ®  504  feet  =  $74.26. 

Cost  to  the  company: 

504  linear  feet  ®  $78 $39,312.00 

1683  cubic  yards  excavation  ®  $4.50 7,573.50 

160,000  feet  B.  M.  @  $35 5,600.00 

Total $52,485.50 

Cost  per  linear  foot  ®  504  feet  =  $104.14. 

Profit  to  contractor  per  linear  foot,  $104.14  —  $74.26  =  $29.88. 

A  rapid  but  expensive  mode  of  tunnelling  in  rock  is  to  drive  a 
heading  at  the  bottom,  and  at  short  intervals  to  drive  vertical 
«haf ts,  say  6  X  8  or  8  X  8  feet,  from  it  upward  to  the  top  of  the 
tunnel  section,  and  from  these  latter  run  each  way  a  top  heading. 
This  plan  was  adopted  in  the  Arlberg  tunnel  in  the  Alps, 

740.  The  following  notes  on  a  few  of  the  more  important  tun- 
nels will  be  interesting: 

The  Box  Tunnel,  England :  3200  yards  long,  30  feet  wide,  2U 
feet  clear  height  above  the  roadway.  Partly  through  clay  and 
partly  through  limestone.  It  is  straight,  and  has  a  continuous  grade 
of  1  in  100  from  end  to  end.  Lined  for  about  one  quarter  of  its  length 
with  masonry  side  walls  and  a  brick  arch.  There  were  7  brick- 
lined  shafts,  25  feet  in  diameter,  with  a  maximum  depth  of  300  feet. 
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The  Brislington  Tunnel:  1100  yards  long,  driven  through  hard 
rock.  A  heading  7x8  feet  was  driven  from  end  to  end  before 
commencing  excavation  for  full  section. 

Woodhead  Tunnel,  England:  A  fraction  over  3  miles  long. 
Clear  width,  14  feet  3  inches;  clear  height,  18  feet  3  inches.  This 
has  been  paralleled  by  a  twin  tunnel,  leaving  walls  21  x  12  feet 
between  the  two,  with  arches  between  them.  Driven  in  rock,  leav- 
ing vertical  side  walls,  and  no  invert  used. 

Eilsby  Tunnel,  England:  Driven  through  clay  and  sand;  lined 
with  brick  masonry  from  18  to  27  inches  thick;  2400  yards  long; 
cross-section  27  X  32i  feet.  Much  difficulty  arose  from  the  exist- 
ence of  pockets  of  quicksand.  Estimated  cost,  $436,500  ;  actual 
cost,  11,697,500.  Four  years  consumed  in  the  construction.  Cost 
per  linear  foot,  $235. 

The  Netherton  Tunnel,  England :  3036  yards  long,  27  feet  wide, 
24^  feet  high ;  brick  lining  in  side  walls  and  arch  22^  inches  thick, 
with  an  invert  13^^  inches  thick.  The  invert  was  forced  up  as 
much  as  5  to  8  inches  from  the  external  pressure.  The  versin  was 
then  increased  to  2^  feet,  and  thickness  of  invert  to  22  inches. 
Shafts  were  used  9  feet  in  diameter,  brick-lined;  maximum  depth 
344  and  least  66  feet;  average  progress  sinking  shafts,  2  feet  in  24 
hours.     The  material  excavated  was  a  blue  marl. 

Sydenham  Tunnel,  England :  2100  yards  long.  Shafts  were  used 
9  feet  in  diameter,  and  from  50  to  186  in  depth.  The  material 
was  London  clay,  which  swelled,  squeezing  in  the  shafts,  and  in 
places  crushing  the  masonry  linings  of  shafts  and  tunnels.  Eight 
rings  of  brick,  36  inches  in  thickness,  were  used  at  first.  Subse- 
quently rebuilt  with  10  rings,  and  finally  with  12  rings,  equivalent 
to  4  feet  6  inches  in  thickness;  even  this  had  to  be  rebuilt  in  places. 
In  the  shafts  the  9-inch  lining  had  to  be  replaced  with  a  lining  18 
inches  in  thickness.  Whatever  may  have  been  the  directions  and 
magnitude  of  the  pressures  upon  the  lining  of  this  tunnel,  the  weak 
portion  of  the  lining  was  evidently  in  the  invert,  which  failed  by 
rising  first  at  its  centre  and  then  at  its  edges.  The  result  was  n 
sinking  at  the  crown  and  pressing  inwards  of  the  side  walls,  show- 
ing clearly  a  tendency  of  the  clay  to  flow.  To  meet  these  condi- 
tions the  form  of  the  section  was  changed  by  lowering  the  invert 
and  flattening  the  arch  at  the  crown,  until  finally  the  section  of  the 
tunnel  was  almost  a  perfect  circle.  The  thickness  of  the  lining 
was  finally  4 J  feet  for  the  side  walls  and  arch,  and  3  feet  for  the 
invert.     Lime  mortar  was  used,  as  the  lining  could  thereby  the 
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loetter  adjust  its  form  to  that  required  for  equilibrium,  without 
crushing  the  bricks. 

The  Bletchingly  Tunuel^  England,  was  also  driven  through  blue 
clay,  3972  feet  long;  clear  width,  24  feet;  clear  height,  21  feet.  The 
versin  of  the  invert  was  made  3  feet.  The  thickness  of  the  lining 
varied  from  22^  inches  to  3  feet.  Time  occupied  in  the  construc- 
tion, nearly  two  years.  Net  cost^  $476,185;  and  per  linear  foot, 
$120  nearly. 

The  Saltwood  Tunnel:  Similar  in  every  respect,  except  that 
versin  of  invert  was  made  3^  feet. 

The  last  three  examples  indicate  clearly  the  necessity  of  a 
sharply  curved  and  thick  invert  in  tunnelling  through  this  kind  of 
material. 

The  Hauenstein  Tunnel,  on  the  Central  Swiss  Railroad :  2729 
yards  long;  built  for  two  tracks;  clear  width,  26  feet;  clear  height 
above  tracks,  20  feet.  Driven  through  limestone,  sandstone,  and 
shale.  No  invert  used  in  the  harder  materials.  The  masonry 
lining  entirely  of  limestone.  The  heading  was  driven  at  the  bot- 
tom, but  with  a  gentle  rise  inwards  for  drainage.  The  progress 
in  sinking  the  shafts  was  from  1^  to  1}  feet  per  day;  that  on 
tunnel  proper  from  about  2^  to  3^  feet  per  day.  The  progress  was 
less  than  2  feet  per  day  when  tunnelling  down  grade. 

The  Mont  Cenis  Tunnel  is  7  miles  and  1044  yards  long.  From 
the  end  on  the  French  side  the  grade  rises  at  117.22  feet  per  mile  to 
the  centre,  or  a  total  rise  of  444.9  feet.  From  the  centre  to  the  Ital- 
ian end  it  falls  at  the  rate  of  2.64  feet  per  mile,  or  a  total  of  10.04 
feet,  for  the  purpose  of  drainage.  The  tunnel  is  lined  with  masonry 
throughout.  The  side  walls  are  of  stone  masonry,  the  arch  of 
brick;  clear  width  at  bottom,  25.84  feet;  maximum,  26.24  feet; 
clear  height,  20.65  feet.  No  invert  was  used,  but  drainage  was 
effected  by  a  covered  channel  under  the  centre  of  the  bottom. 
The  drilling  was  done  by  machinery.  The  power  applied  was  com- 
pressed air,  the  escape  of  which  through  the  exhaust-valves  served 
to  ventUate  the  heading.  There  were  no  shafts  used.  The  maxi- 
mum depth  of  the  tunnel  below  the  summit  is  about  one  mile.  The 
entire  tunnel  was  driven  from  the  two  ends.  In  12  years,  between 
1857  and  1868,  an  average  progress  was  made  of  209  feet  per  month, 
about  104.5  feet  at  each  end.  The  entire  cost,  $9,439,400,  and  per 
linear  foot  $235.44^.  The  lining  was  about  an  average  of  2  feet  in 
thickness. 

The  Hoosac  Tunnel:  4}  miles  long;  clear  width,  24  feet  at 
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bottom,  26  feet  maximum,  for  two  tracks;  clear  height  above 
tracks,  18.71  feet.  Driven  through  mica-slate  with  quartz;  very 
hard  in  some  places.  Compressed-air  drills  used.  Some  portions 
required  lining,  others  did  not.  General  thickness  of  lining  from 
2  to  2.66  feet,  and  wa8  constructed  of  brick  masonry,  but  only  used 
when  the  rock  was  soft  and  showed  a  tendency  to  disintegration. 

These  examples  have  been  selected  as  showing  the  methods  of 
tunnelling  in  a  variety  of  materials,  the  difficulties  encountered, 
and  the  manner  of  overcoming  them,  and  with  the  previously 
described  modern  tunnels,  give  a  full  view  of  methods,  difficulties, 
and  costs. 

741.  Although  it  was  seen  that  in  the  Baltimore  Belt  Railway 
Tunnel  the  segmental  timber  lining  proved  unsatisfactory,  the 
following  example  shows  the  successful  use  of  that  kind  of  tempo- 
rary support.  For  a  clearer  understanding  of  the  extremely  unfa- 
vorable conditions  under  which  the  work  now  to  be  described  was 
prosecuted,  the  following  facts  and  circumstances  will  prove  inter- 
esting as  well  as  instructive.  Though  the  line  is  now  operated,  a 
portion  of  it  is  of  a  temporary  character,  while  the  actual  work  on 
some  difficult  portions  of  the  line  is  now  in  process  of  construction. 

The  Everett  and  Monte  Cristo  Eailway  extends  from  Everett 
City  on  Puget  Sound,  Washington,  to  Monte  Cristo,  a  distance  of 
about  60  miles,  with  a  difference  of  elevation  of  about  2800  feet. 
The  maximum  grade  allowed  is  3  feet  per  100,  compensated  at  the 
rate  of  0.00333  per  degree  of  curvature.  The  maximum  curvature 
is  13°,  or  radius  of  441  feet,  nearly.  Transition  curves  140  and  200 
feet  long  are  used.  The  annual  rainfall  is  from  60  to  120  inches. 
This  added  to  the  extreme  roughness  of  the  ground,  having  steep 
slopes,  precipices,  dense  forests,  and  undergrowth,  rendered  the 
location  exceedingly  slow  and  difficult. 

It  required  six  weeks  for  two  locating  parties  to  locate  about 
six  miles  in  one  portion  of  the  line,  or  a  rate  of  half  a  mile  per 
week,  often  averaging  only  100  feet  per  day.  In  some  places  the 
men  had  to  be  suspended  by  means  of  ropes;  in  other  portions  the 
line  was  entirely  inaccessible  and  had  to  be  located  by  tri angulation. 

There  were  seven  tunnels  required  in  a  distance  of  about  nine 
or  ten  miles. 

The  sections  in  earth  were  16  cubic  yards  per  linear  foot,  and 
in  rock  13 J  cubic  yards.  In  driving  one  of  the  tunuels  a  small  air- 
compressor  operating  two  In gersoll  Sargent  drills  was  used;  but 
in  the  main  the  drilling  was  by  hand.     The  rock  in  the  open  cuts 


sh&ttered  badly  when  blaated,  and  was  divided  by  seams  of  clay; 
and  when  tlie  lower  portion  of  the  slopes  was  removed,  immense 
landslides  occurred. 
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With  the  exception  of  tunnels  Nos.  2  and  7  no  special  difficul- 
ties were  encountered.     It  was  intended  to  timber-line  all  of  the 
tunnels.     In  case  of  No.  2  it  was  supposed  that  the  tuuncl  would 
be  entirely  in  solid  rock  and  overlaid  by  sand,  but  the  heading  run 
into  the  overlying  sand,  caused  by  a  dip  in  the  rock.     The  sand 
poured  into  the  tunnel  in  large  quantities;  and  as  this  could  not 
be  remedied,  it  was  determined  to  complete  the  short  remaining 
distance  in  open  cut  by 
carrying  a  large  portion 
of  the  material  through  , 
the  completed  tunnel.     { 

Figs.  292  and  293  . 
show  the  two  forms  of  i 
timber  lining  in  cross 
and    longitudinal    sec- 
tion.  Pig.  292(ff)  shows 
on  the  left  the  lining  in 

the  seamy  rock  and  oth-  ^^^ 

er  bard   material,  and 

the  right-hand  half  the  lining  in  softer  material.  In  rock  no  lon- 
gitudinal sill  is  used  at  the  bottom  of  the  vertical  posts,  these  sim- 
ply resting  on  cross  sills;  and  only  the  top  and  a  small  portion  of 
the  sides  near  the  top  were  sheeted  with  plank,  these  resting  on 
small  blocks  let  into  the  posts.  The  clear  height  above  the  top  of 
the  rail  is  23  feet,  the  clear  width  between  the  posts  of  the  sides  16 
feet  8  inches,  and  from  outside  of  sheeting  or  width  of  excavation 
19  feet  4  inches. 

All  timbers  in  the  arch-frames,  posts,  segments  for  roof,  and 
longitudinal  pieces  were  12  X  12  inches  in  cross-section,  except  the 
bottom  cross  sills,  which  were  10  x  12  inches;  the  sheeting  plank 
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or  poling  boards  4  inches  thick;  the  length  of  the  side  posts  was 

17.0  feet,  of  the  arch-segments  8  feet;  from  the  top  of  the  posts  to 

the  under  side  of  the  top  horizontal  segment  of  the  frame,  4  feet 

10  inches. 

The  main  frames  or  ribs  were  placed  4  feet  apart  on  centres; 

12"  X  2i"  X  i"  plates  of  iron  were  placed  over  the  joints  in  the 

arch-segments,  and  bolts  J"  X  8"  were  driven  to  hold  the  foot  of 

the  lower  segments  to  the  top 
•Fig.  293(a). 


Showinf;  inflow  of  Mat«ri«l 
Into  Tunnel  No.7. 

Fig.  293(b). 


Ilalf-ScctiOD  through  Hnlf-SM'tion  throarh  iAuoarj 
limber,  frame.  lining  between  j^uberfrunei. 


longitudinal  pieces,  and  in  ad- 
dition longitudinal  pieces  were 
notched  over  the  arch-seg- 
ments. Dimensions  and  de- 
tails of  construction  are  shown 
on  the  drawings. 

742.  Great  difficulty  was 
experienced  in  driving  tunnel 
No.  7  through  a  mixture  of 
clay  and  sand.    After  advanc- 


ing some  distance  a  considerable  quantity  of  water  began  to  flow 
into  the  tunnel.  A  great  pressure  came  upon  the  timber  liniug, 
which  showed  signs  of  weakness.  The  timber  used  in  the  lining 
was  a  soft  pulpy  hemlock,  and  under  the  pressure  (it  is  stated)  the 
wall-plates,  originally  12  x  12  inches  in  cross-section,  were  com- 
pressed to  only  4  inches  in  thickness.  To  relieve  this  condition  of 
things  longitudinal  pieces  were  placed  under  the  top  segments  of 
the  liniug  frames  and  supported  direct  with  posts.  But  as  the  ma- 
terial above  had  evidently  loosened  and  some  movement  in  mass  had 
already  taken  place,  the  enormous  pressure  exerted  by  it  proved  too 
great  and  the  framing  failed.  The  material  poured  into  the  tunnel, 
filling  it  to  the  spring- line  of  lining  for  a  distance  of  over  200  feet, 
and  flowing  out  190  feet  beyond  the  portal,  large  bowlders  being 
carried  in  the  flowing  mass,  a  large  crater  75  feet  in  diameter  and 
40  feet  deep  was  formed,  having  a  volume  of  3500  cubic  yards. 
This  crater  was  subsequently  partly  filled  with  water.  These  con- 
ditions are  shown  in  Fig.  293(&).  This  led  to  the  construction  of 
a  temporary  road,  using  18°  to  24°  curves.  The  road  has  been 
operated  for  some  time.  Work  is  now  in  progress  repairing  the 
damage  and  completing  the  tunnel.  The  same  form  of  liniug  is 
used  for  temporary  purposes,  but  a  masonry  and  concrete  lining  is 
built  inside  of  the  timber  lining  as  the  work  advances.  Fig. 
293(a)  shows  on  one  side  the  timber  lining  and  the  portion  of  the 
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masonry  inside  of  it^  and  on  the  other  side  the  full  thickness  of  the 
masonry  lining  in  which  the  timber  frames  are  imbedded.  The 
drawing  before  the  writer  shows  that  the  bottom  is  of  concrete,  the 
ai'ch-ring  of  six  courses  of  brick,  and  the  side  walls  apparently  of 
stone  masonry.     (See  Engineering  News,  Oct.  5,  1893.) 

The  depth  of  the  concrete  at  the  bottom  is  about  3  feet;  the 
side  walls  at  the  bottom  2  feet  6^  inches  and  at  springing  about  26 
inches,  and  the  same  for  the  arch-ring.  The  arch  is  a  full  semi- 
circle, with  a  radius  of  7  feet  3^  inches.  The  inner  face  of  the 
side  walls  are  slightly  curved,  giving  a  maximum  clear  width  of  15 
feet  3  inches;  the  clear  width  at  the  bottom  is  13  feet  7  inches,  and 
at  the  springing  14  feet  7  inches.  The  drawing,  Fig.  293(a)  shows 
dimensions  and  general  design. 

743.  A  similar  form  of  temporary  lining  was  used  in  a  tunnel 
6112  feet  long,  driven  through  disintegrated  material  and  bowl- 
ders. The  arch  segments  of  this  lining  were  made  up  of  five 
pieces  12  X  12  inches  in  cross-section,  instead  of  three  pieces,  as  in 
the  above  example.  The  radius  of  the  soffit  of  the  arch  was  7  feet 
10  inches.  These  shorter  segments  are  better  arranged  to  receive 
the  thrust  along  their  longitudinal  axes.  There  were,  however, 
more  joints  or  planes  of  weakness.  They  were  placed  only  2  feet 
on  centres.  In  other  respects  the  general  construction  in  the  two 
cases  was  the  same.  The  side  walls  were  coursed  rubble  masonry 
from  20  to  30  inches  in  thickness ;  the  arch-ring  was  of  brick,  in  4 
or  6  layers,  depending  upon  the  character  of  the  material,  or  from 
18  to  26  inches  in  thickness.  The  headings  were  driven  near  the 
crown  on  either  side,  so  that  the  inclined  segments  of  the  timber 
linmg,  adjoining  the  top  or  horizontal  segment,  could  be  placed 
in  them.  These  were  connected  by  a  cross  excavation,  in  which 
the  top  segment  was  placed,  completing  the  support  of  the  crown. 
The  excavation  was  then  carried  on  sideways  and  downwards. 
The  centres  for  the  arch  work  were  composed  of  ribs  placed  about 
4  feet  centres,  which  were  moved  forward  as  the  brickwork  was 
completed. 

A  good  form  of  this  general  type  of  timber  linings  in  tunnels 
is  to  make  the  segments  of  the  top  portion  of  the  frames  of  three 
pieces  4  X  12  or  14  inches,  bolted  together,  instead  of  a  single 
piece  12  x  12  inches.  The  upper  surface  of  these  segments  can 
be  rounded,  over  which  the  sheeting-plank  are  placed.  A  strong 
-and  easily  handled  roof  can  be  made  in  this  manner. 

Tunnel  under  Chicago  River :  A  tunnel  has  recently  been  com- 
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pleted  under  the  Chicago  River  for  the  West  Chicago  Cable  Bail- 
way.  The  tunnelling  was  done  throughout  the  entire  length  o( 
1576  feet  by  the  open -cut  method. 

The  special  features  are :  (1)  the  unnsually  large  dimeneiona  of 
the  tunnel,  and  of  the  open  excavation  necesaitated  in  the  ap- 
proaches; (3)  constructing  the  tunnel  inside  of  cofFer-dams,  of  very 
great  lengths  and  widths  across  the  river;  (3)  tunnelling  under  some 
very  high  buildings,  calling  for  great  care,  and  strong,  stiff,  tem- 
porary and  permanent  supports. 

To  prevent  damage  to  the  buildings,  it  was  originally  intended 
to  sink  iron  cylinders  and  fill  them  with  concrete,  and  to  support 
the  side  walls  of  the  buildings  on  arches  turned  between  the  cylin- 
ders. The  interior  cohimns  and  walls  were  to  be  carried  on  tem- 
porary trusses  during  the  construction,  and  supported  by  piers  rest- 
fa)  (b)  (i:) 
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ing  on  the  tunnel  masonry  when  completed.  This  plan  was 
abandoned,  and  it  was  deemed  safer  to  tear  down  and  rebuild  some 
of  the  walla,  and  to  support  others  temporarily  on  jacks.  The 
side  walls  were  supported  on  piles,  and  the  interior  columns  on 
piers  resting  on  the  completed  arch  masonry,  the  iron  columns 
resting  directly  on  masonry  pedestals,  which  in  turn  rested  on  thick 
beds  of  concrete. 

One  of  the  buildings  was  supported  on  a  heavy  fire-proof  floor 
of  steel  girders  and  brick  arches,  which  was  built  of  sufficient 
strength  to  carry  fallen  ironwork  and  other  debris  in  case  of  the 
destruction  of  the  building  by  fire.  The  approaches  to  the  river 
were  constnicted  on  grades  of  5.46  and  10  per  cent  respee timely, 
and  reduced  to  1.8  per  cent  under  the  river  proper.  It  was  also 
necessary  to  support  the  railway  tracks  in  such  manner  as  not  to 
interfere  with  the  safety  of  a  large  traffic.    This  was  effected  by 
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driviDg  four  rows  of  piles  between  the  tracks,  upon  which  was  con- 
structed a  strong  flopr  or  platform  on  which  the  tracks  rested.  The 
excavation  was  then  carried  on  underneath  the  tracks,  inserting 
strong  braces  as  the  excavation  proceeded.  The  pressure  was  so 
great  that  12  X  12  inch  timbers  crushed  into  oak  wale-pieces  to  the 
depth  of  from  i  to  f  inch.  The  soft  swelling  clay  also  bulged  up 
at  the  bottom  in  places.  This  was  stopped  and  equilibrium  restored 
by  throwing  a  large  quantity  of  broken  stone  into  the  cut,  which  of 
course  increased  the  cost  and  labor  of  carrying  on  the  work.  Other- 
wise no  special  difficulties  were  encountered  in  the  excavation,  tun- 
nelling, and  subsequent  refilling  over  the  completed  arch. 

The  special  feature  of  this  work  was  the  construction  of  the 
tnnnel  across  the  river.  To  accomplish  this  a  coffer-dam  was  con- 
structed out  from  the  west  shore  to  the  middle  of  the  channel,  and 
the  tunnel  constructed  in  a  similar  manner  to  that  of  any  structure* 
in  a  coffer-dam.  A  cross-section  of  this  cofferdam  is  shown  in  Fig. 
293i,  {a).  As  seen,  it  is  a  simple  double-wall  coffer-dam  with  clear 
width  between  walls  of  58  feet,  and  braced  across,  as  shown.  lusido 
of  this  a  single- wall  coffer-dam  of  piles  was  made,  with  clear  width 
only  sufficient  to  allow  of  building  the  concrete  and  masonry. 
When  the  tunnel  end  reached  the  channel  end  of  the  coffer-dam  a 
crib-wall  was  built  over  the  end  of  the  completed  tunnel,  as  shown 
in  Fig.  293i,  (b). 

This  crib-wall  was  intended  to  form  the  end  wall  of  another 
section  of  coffer-dam  to  be  built  out  from  the  other  or  east  shore. 
The  side  walls  of  the  old  dam  were  then  pulled  down,  and  a  new 
dam  built  out  connecting  with  the  crib-dam  and  east  shore;  in  this 
new  dam  the  tunnel  was  carried  on  to  completion  from  shore  to 
shore.  This  construction,  building  two  independent  dams  abut- 
ting at  the  centre,  is  somewhat  similar  to  the  method  adopted 
in  building  the  piers  of  the  Tower  Bridge,  London,  yet  to  be  de- 
scribed. 

The  clear  width  of  the  tunnel  is  30  feet;  the  clear  height  at 
crown  about  16  feet;  the  masonry  arch  rests  upon  and  is  imbedded 
in  concrete;  the  arch  springs  from  a  stone  footing-course;  the  arch- 
ring  is  built  with  seven  rings  of  brick.  For  a  distance  of  250  feet 
each  way  from  the  centre  of  the  river,  the  two  outer  rings  are  laid 
in  asphalt  mortar,  with  very  thin  joints,  and  this  mortar  is  used  for 
the  outer  ring  throughout  the  length  of  the  arch ;  the  other  rings 
are  laid  in  natural  cement  mortar.  The  concrete  is  composed  of 
1  Portland  cement,  3  sand,  and  6  parts  of  broken  stone.     The  work 
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required  8000  barrels  Utica  natural  cement  and  21^000  barrels  of 
Portland  cement;  the  cost,  including  land  damages,  was  tl,800,000. 

In  building  the  masonry  tunnel  under  the  platform  carrying  the 
railways,  the  masonry  was  built  around  the  supporting  piles.  Alter 
a  sufficient  length  of  arch  was  built,  the  tracks  were  supported  by 
short  posts;  the  piles  were  then  removed  and  the  holes  in  the 
masonry  filled. 

Even  where  the  river  is  deep  and  wide  the  writer  believes  tun- 
nels could  often  be  built  within  a  series  of  pneumatic  caissons  sunk 
end  to  end,  and  by  using  short  sections  overlapping  the  ends  of 
two  adjacent  caissons,  or  by  attaching  rubbing  tubes  to  the  ends  of 
the  caissons,  and,  when  inflated  by  compressed  air,  or  by  water- 
pressure  under  sufficient  head,  the  ends  of  the  original  caisson  could 
be  removed  and  the  arch  completed.  It  would  no  doubt  in  many 
cases  save  time  and  expense,  and  avoid  the  necessity  of  going  to  such 
a  great  depth  below  the  bed  of  the  river  in  order  to  maintain  a  con- 
siderable depth  of  material  over  the  top  of  the  arch,  which  is  at  all 
times  a  menace  to  the  work  and  to  the  safety  of  the  workmen. 
The  idea  is  certainly  worth  consideration. 

Art.  XLVIL 

SEWERS. 

744.  Sewers  are  small  tunnels,  usually  constructed  in  open  cut, 
and  after  construction  of  the  sewer,  which  is  usually  built  of  two 
or  more  courses  of  brick,  the  excavation  is  filled  over  and  the  street 
resurfaced  and  paved.  The  cross-sections  of  sewers  vary  from  the 
regular  tunnel  section,  to  the  oval  or  egg-shaped  with  the  small 
end  down,  or  they  may  be  circular.  The  greatest  diameters  vary 
from  3  or  4  feet  to  6, 10,  or  even  20  feet. 

745.  They  may  be  constructed  of  a  series  of  brick  rings  with 
simple  earth  tamped  around  them,  or  they  may  be  packed  around 
with  rubble  masonry  or  concrete,  or  they  may  be  built  entirely  of 
concrete.  In  some  of  the  larger  sewers  the  thickness  of  the  brick- 
work at  the  crown  is  as  much  as  from  12  inches  for  a  sewer  6  feet 
in  diameter  to  18  inches  in  12-  to  20-foot  sewers;  the  thickness 
increasing  from  17  inches  to  4  feet  or  more  at  a  point'equal  to  or  a 
little  greater  than  half  the  height  or  vertical  diameter  of  the  sewer 
below  the  crown. 

There  are  instances  recorded  in  which  sewers  were  built  of  but 
a  single  course  of  brick,  even  when  the  sewers  were  a  considerable 
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depth  below  the  gronnd.  The  engineers  who  designed  and  cou- 
Btracted  them  did  not  recommend  the  use  of  such  thin  walls.  This 
is  only  mentioned  as  showing  the  great  strength  that  can  be  devel- 
oped; but  snch  constrnctions  would  scarcely  be  considered  good 
practice. 

As  ordinarily  constrncted,  the  only  difficulty  arises  from  the 
necessary  trench  to  be  excsTated,  often  te  great  depths,  requiring 
considerable  timbering  to  support  the  earth;  the  interi-uption  to  the 
street  traffic;  the  great  expense  incurred;  the  destruction  of  the 
paving;  the  settling  of  the  new  earth  need  to  fill  the  trench,  and 
consequent  trouble  in  maintaining  the  surface  of  the  street  in  good 
condition  for  a  greater  or  lees  period  of  time. 

746.  In  view  of  these  conditions  and  facts,  the  following 
description  of  a  eewer  constructed  by  the  tunnel  method  proper  is 
worthy  of  consideration  and  comparison,  in  regard  to  convenience, 
economy,  and  rapidity  of  couHtmction,  with  the  prevailing  methods. 

In  Cologne,  Germany,  a  sewer  940  feet  in  length,  on  a  slope  of 
0.4  per  cent,  has  been  recently  constructed  under  streets  varying 
from  IB  to  28  feet  in  width,  by  a  somewhat  novel  method.  The 
cross-section  of  the  sewer  is  egg-shaped,  72  inches  high  and  48 
inches  wide  near  the  top.  The  walls  are  15  inches  thick,  bnilt  of 
brick  in  layers.  The  drawing,  Fig.  294,  shows  the  dimensions, 
forms,  and  details  of  construction. 

The  invert  block  is  from  25  to  30  feet  below  the  surface  of  the 
street.     The  depths  of  the  cellars  of  the  adjoining  houses  varied 
from    10  to  15   feet.     The  underlying 
material  was  formed  of  about  6  feet  of 
filling,  li  to  8  feet  of  clay,  and  below 
these  layers  of  sand  and  gravel.    It  was 
deemed  unsafe  and    inadvisable  to  nse 
the  open-  trench  method  of  conBtruction. 
Three  permanent  manholes  were  to  be  ^ 
provided.     At   these   points   the  usual  ' 
timber-lined   shafts  were  sunk  to  the 
sewer   level,  and   for  convenience  and 
rapidity  of  construction  four  shafts  ia 
addition  were  sunk.     Prom  these  head- 
ings or  small  tunnels  were  driven.     The  p^^  gn^ 
lining  frames  were  made  of  old  iron  rails 

weighing  26.4  pounds  per  yard  of  length.  Pieces  of  rail  of  sufficient 
length  were  bent  to  a  cnrve,  the  length  of  the  bent  portions  being 


846  TUNNELLING  WITH  IRON   RAIL  RIBS. 

about  3  feet  6  inches  at  one  end ;  the  other  end  was  bent  for  a 
length  of  a  few  inches,  forming  a  base,  the  bent  pieces  conform- 
ing roughly  to  the  shape  of  the  sewer-section.  These  pieces  of  iron 
were  bolted  to  a  timber  sill,  two  of  them  forming  a  frame,  their 
upper  ends  meeting  over  the  vertical  axis  of  the  sewer,  as  shown  iu 
the  drawing. 

There  were  two  sizes  of  these  bent  iron  frames,  the  one  was  two 
or  three  inches  higher  and  the  same  wider  than  the  other.  These 
were  set  up  alternately,  and  spaced  about  3  feet  on  centres. 

The  alternate  frames  being  a  little  larger  facilitated  the  placing 
of  the  sheeting-boards  around  the  rails. 

The  poling-boards  were  2^  X  6  or  8  inches,  and  6  feet  long.  The 
tunnelling  operations  were  carried  on  in  the  usual  manner,  the 
frames  and  sills  were  left  in  place,  and  the  small  spaces  between 
them  and  the  masonry  lining  were  filled  with  concrete.  The  rate 
of  tunnelling  was  about  8  feet  per  day.  The  shafts  were  sunk  with 
four  men  at  the  rate  of  about  3^  feet  per  day. 

The  clear  dimensions  of  the  shaft  were  6^  X  6^  feet,  the  total 
10  X  10  feet  outside  of  frames.  The  invert-stone  block  rested  on  a 
6-inch  bed  of  concrete.  The  iron  frames  cost  $3.75  each;  the  total 
cost  of  the  work  about  $14.50  per  linear  foot. 

For  tlie  direct  connection  of  sewers  from  the  adjacent  houses 
was  substituted  a  12-inch  sewer-pipe  laid  about  11^  feet  on  an  aver- 
age below  the  ground,  having  a  grade  of  1^  per  cent,  to  which  the 
house  sewers  were  connected.  From  this  12-inch  sewer  special  drop- 
pipes  9  inches  in  diameter  conducted  the  sewage  and  water  to  the 
main  sewer  near  the  manhole^,  these  pipes  entering  the  main  sewer 
below  the  water  surface.  This  was  done  to  prevent  shocks  from 
overfall  at  the  manholes.  The  four  temporary  shafts  were  filled 
subsequently  with  a  cheap  concrete. 

747.  The  following  are  costs  of  large  sewers  in  many  cities, 
taken  from  a  report  of  Mr.  Rudolph  Hering  to  the  Taxpayers' 
Association  of  Baltimore,  which  shows  that  in  comparison  the 
usual  methods  are  little  if  any  more  economical  than  the  tunnel 
method  described.  The  report  also  discusses  the  relative  advan- 
tages of  the  day-labor  and  contract  system  of  building  works  of 
public  improvements.  The  conclusion  on  this  point  reached  by 
him  will  be  endorsed  by  most  engineers  of  experience,  that  there 
may  and  do  arise  conditions  which  will  make  the  day-labor  system 
economical ;  that  often  a  better  grade  of  workmanship  and  better 
quality  of  materials  may  be  obtained ;  but  that,  as  a  rule,  under 


8EWEBS.  847 


properly  drawn  specifications  and  an  intelligent  and  faithful  inspec- 
tion of  the  work,  it  may  be  stated  that  all  public  works  can  be 
more  economically  and  satisfactorily  executed  under  the  contract 
system,  provided  competent  and  capable  contractors  are  employed. 

It  seems  that  in  the  case  of  one  of  the  sewers,  executed  partly 
in  cut  and  partly  in  tunnel,  the  sewer  in  the  former  being  3  feet 
in  diameter  and  in  the  latter  7  and  8  feet,  with  an  ayerage  depth 
of  cutting,  cost  t50  per  foot,  whereas  under  the  contract  system  in 
other  cities  the  following  prices  are  paid  : 

For  an  8-foot  sewer  in  St.  Louis,  where  no  special  difficulties 
existed,  the  construction  of  the  sewer  itself  was  $10  per  running 
foot  and  executed  both  in  open  cut  and  tunnel  in  part.  An  8-foot 
sewer  in  Philadelphia,  excavation  15  feet  deep,  requiring  some 
cradling  (that  is,  forming  a  wide  and  firm  timber,  masonry,  or  con- 
crete bed  upon  which  the  sewer  rests  and  in  which  it  is  partly 
bedded),  cost  $16.30  per  foot. 

A  7-foot  sewer  in  earth  excavation,  4  feet  deep,  built  in  cradle, 
$34.44;  6^-foot  sewers  with  cradle  backing,  from  $15  to  $18.85. 
The  same  in  other  cities  for  $10.90  to  $20. 

A  5-foot  sewer  excavation  in  clean,  sharp  sand,  33  feet  deep, 
cost  $17.91. 

In  earth  excavation  from  11  to  16  feet  deep,  3-foot  sewers  in 
Philadelphia  cost  from  $2.50  to  5.84;  and  at  depths  of  8  to  8.5  feet, 
3-foot  sewers  in  New  York  cost  $9.90  to  $13;  without  cradling, 
$3  to  $5. 

In  Washington,  sewers  8  feet  in  diameter  and  5  feet  below 
surface  cost  about  $18.19;  6-foot  sewers,  $17.50  in  clay. 

A  9-foot  sewer  in  excavation  24  feet  deep,  in  quicksand 
requiring  cradling  with  timber  foundations,  cost  over  $57  per 
foot.  Another  8-foot  sewer,  excavation  18  feet  in  sand  and  gravel 
saturated  with  water,  cost  $39. 

A  3-foot  sewer  with  labor  at  $3  and  material  at  $2  a  foot  has 
SLggregsied  a  cost  of  $25.00. 

In  Boston  3-foot  sewers,  built  in  cradle,  cost  from  $7  to 
$11  per  foot.  A  sewer  3x4  feet  in  tunnel  cost  the  contractor, 
without  profit,  $29,  in  tunnel. 

A  sewer  6^  feet  in  diameter,  built  on  platform  and  in  stone 
cradle;  excavation  24  feet;  actual  cost,  without  profit,  $28.25  per 
foot.  Sewers  ^  feet  diameter,  excavation  from  10  to  20  feet,  partly 
in  cradling,  cost  $9.78  and  $13.25,  withouc  profit. 
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The  above  prices  in  the  main  are  simply  for  the  constnictioii 
of  the  sewer  itself,  without  appurtenances. 

The  prices  in  Baltimore  for  the  cheapest  sewers  were  $7.50 
per  foot,  and  for  the  larger  sewers  $49  to  $50.  The  conclusion  of 
the  committee  from  Mr.  Hering^s  report  was  that  at  least  40  per 
cent  of  the  money  spent  in  constructing  the  sewers  by  day-labor 
could  have  been  saved  under  the  contract  system,  and  the  work  ex- 
ecuted in  an  efficient  and  reliable  manner. 

748.  The  cost  of  vitrified-pipe  sewers  varies  mainly  with  the 
cost  of  the  pipe  itself,  with  some  little  additional  cost  in  handling 
and  laying,  as  the  cost  of  excavation  remains  practically  the  same 
for  the  small  as  for  the  large  sizes,  within  limits.  The  list  price  of 
sewer-pipe  ranges  from  $0.27  to  %0/6{>  per  foot  for  the  6-inch  pipe; 
$0.40  to  $0.50  for  the  8-inch;  $0.75  to  $0.90  for  the  12-inch;  $1.60 
to  $1.80  for  the  18-inch;  $3.10  to  $3.30  for  the  24-inch.  There, 
however,  was  a  discount  of  from  60  to  75  per  cent  in  car-load  lots. 

The  cost  of  Portland -cement  pipe  will  not  materially  vary  from 
the  above. 

Cast-iron  pipes:  $0.96  for  the  12-inch  pipe  per  foot;  $1.40  for 
the  16-inch  pipe;  $1.88  for  the  20-inch  pipe;  $2.80  for  the  24-inch 
pipe;  $5.12  for  the  36-inch;  and  $6.16  for  the  48-inch  pipe  per 
linear  foot.  These  prices  vary  between  1^  to  IJ  cents  per  pound, 
the  thicknesses  of  the  pipes  varying  from  ^  to  1  inch.  The  larger 
sizes  are  in  6-foot  lengths,  and  the  smaller  sizes  in  12-foot  lengths. 
The  vitrified  pipes  are  in  lengths  of  from  2  to  3  feet. 

749.  There  has  been  a  considerable  amount  of  discussion  of  the 
relative  eflficiency  and  cost  of  pipes  of  different  sizes,  especially  in 
reference  to  the  minimum  sizes.  Various  estimates  of  cost  have 
been  given.  For  instance,  cost  for  6-inch  pipes:  Excavation  and 
refilling  trench  per  linear  foot,  60  cents;  cost  of  pipe  and  laying, 
15  cents;  total  cost  per  linear  foot,  with  an  allowance  of  10  cents 
for  manholes,  85  cents  per  lineal  foot. 

For  the  8-inch  pipes:  Excavation  and  refilling,  60  cent«;  man- 
holes, 10  cents;  pipe  and  laying,  20  cents;  or  a  total  of  90  cents, 
or  an  increase  of  about  6  per  cent.  And  similarly  for  other  dimen- 
sions of  pipe. 

760.  The  proper  slopes  for  sewers  should  be  such  that  the 
velocity  of  flow  shall  be  at  least  2  feet  per  second  when  the  sewer 
is  running  one-half  full.  The  hydraulic  slope  necessary  for  differ- 
ent pipes  has  been  given  as  follows.     The  hydraulic  slope  should 
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be  diatingnished  from  the  slope  of  the  sewer  bottom.    Even  on. 
light  slopes  the  latter  may  be  greater  than  the  former. 

Table  LXIII. 

Hydraulic  slope  for  6-inch  pipe,  0.7  per  cent. 
"  "       "    8-inch    "     0.4    "      « 

*'  «       "10-inch    "     0.3    "      " 

^  "       "12-inch     "     0.2    "      " 

t€         .  «       « 15-inch    "     0.15 "      « 
**  **       "18-inch    "     0.12"      « 

A  velocity  of  from  2^  to  3^  feet  per  second  will  provide  better 
sanitary  conditions. 

761.  While  it  is  beyond  the  proper  scope  of  this  volume  to 
undertake  any  discussion  of  the  important  subject  of  sanitary  en- 
gineering, a  few  general  principles  are  of  importance  even  to  the 
ordinary  engineer. 

(1)  A  sewer,  large  or  small,  should  be  perfectly  tight  from  me 
end  to  the  other,  in  order  to  prevent  absolutely  any  leakage  inta 
the  surrounding  soil. 

(2)  Its  fall  should  be  continuous  from  entrance  or  head  to  out- 
let^ in  order  that  the  content  may  have  no  greater  tendency  to  stop 
its  movement  at  any  one  portion  of  its  length  than  at  any  other 
portion. 

(3)  It  should  be  well  ventilated  in  order  that  the  noxious  gases 
may  be  diluted  by  a  large  quantity  of  fresh  air;  and  proper  means 
for  escape  of  foul  air  should  be  provided,  in  order  that  an  increase 
of  pressure  may  not  force  these  gases  back  into  the  houses  through 
the  traps. 

(4)  It  must  be  provided  with  easy  and  ample  means  of  inspec- 
tion, and  proper  provisions  for  flushing  and  cleaning  when  re- 
quired. 

(5)  Its  size  and  form  must  be  so  proportioned  that  the  ordinary 
dry-weather  flow  will  keep  it  clear  of  silt  or  organic  deposits. 

(6)  The  proper  dimensions  for  sewers  depend  upon  the  amount. 
of  sewage  proper,  the  usual  rainfall  of  the  district  in  any  given 
period,  the  slope  of  the  surface  which  affects  the  rapidity  and 
amount  of  surface  water  finding  its  way  into  the  sewer,  and  the 
proper  proportion  of  this  water  to  be  carried  in  the  sewer  relatively 
to  that  which  will  or  ought  to  be  directly  conducted  by  and  dis- 
charged from  the  surface  gutters. 
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(7)  A  provision  of  1  inch  of  rainfall  per  hour,  only  one  half  of 
which  is  supposed  to  reach  the  sewer,  is  not  an  unusual  one  made. 

762.  Mr.  Waring  states  that  if  the  supply  of  water  is  10  gallons 
per  head  per  day  for  the  whole  population,  the  quantity  of  sewage 
to  be  removed  will  be  about  100  pounds  daily  for  each  inhabitant. 
Of  this  the  closet-flow  will  be  about  one  third.  And  that  in  Brook- 
lyn (1879),  aside  from  rains,  the  sewage  equals  one  and  one-fourth 
times  the  water-supply,  or  50,000,000  gallons  per  day,  or  3,125,000 
gallons  per  hour,  escaping  during  eight  hours-of  maximum  discharge. 
To  what  extent  sewers  should  be  proportioned  to  the  quantity  of  rain- 
fall is  an  unsettled  question.  It  is  a  safe  rule  to  estimate  all  sew- 
age, except  rainfall,  at  8  cubic  feet  per  head  of  population  per  day, 
one  half  of  which  will  be  discharged  between  9  a.m.  and  5  p.m., 
equal  to  a  flow  of  500  cubic  feet  per  hour  for  each  thousand  of  the 
population.  If  a  pipe  or  sewer  is  too  large  it  will  silt  up  to  a  great 
extent  during  ordinary  dry- weather  flow,  and  during  floods  the 
upper  portion  of  the  length  of  the  sewer  may  be  full,  whereas  that 
towards  its  outlet  may  be  only  partially  so,  owing  to  the  increase  of 
velocity  acquired;  consequently  it  is  capable  of  carrying  larger  quan- 
tities of  water  admitted  to  it  at  intervals  of  its  length  than  would 
seem  possible  if  this  fact  is  neglected.  A  well-constmcted  18-inch 
sewer  is  ample  for  the  drainage  of  an  ordinary  village  area  contain- 
ing 700  or  800  houses,  even  with  a  fall  of  1  in  1000.  In  another 
instance  an  18-inch  sewer,  having  a  fall  of  1  in  1062,  drained  an 
area  containing  1600  houses.  Its  ordinary  current  was  2|  miles  per 
hour.  This  would  carry  brickbats  thrown  into  it  to  its  outlet. 
During  ordinary  rains  it  was  not  more  than  half  full  at  a  point  a 
mile  from  its  outlet,  and  at  the  outlet  the  stream  was  not  more 
than  2C  inches  deep. 

A  sewer  15  inches  in  diameter,  having  a  fall  of  1  in  120,  or  1 
inch  in  10  feet,  would  drain  nearly  200  of  the  largest  city  houses, 
and  a  9-inch  drain,  with  the  same  inclination,  would  carry  the 
house-drainage  and  storm-water  from  20  such  houses. 

The  rate  of  fall  necessary  for  the  removal  of  ordinary  road  silt 
from  sewers  is  as  follows : 

Table  LXIV. 
For  6-inch  pipes,  a  grade  of  1  in    60       ?^or  24-inch  pipes,  a  grade  of  1  in  400 

if  12-  •«        «'      «'     '*      "  1  '*  200  •*  36-  '*        '*      "     **      "  1  "  600 

(I  2ij_  <i         ((      t€     ft       (<  ^  €t  250  *•   42-  **        "      **     •'      "  1  **  700 

.<  jg,  t€        ..      fi     .<       M  I  ..  300  .«  4g.  t«        ««      ««     I*      **  1  "  800 
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To  attain  a  velocity  of  3  feet  per  second^  a  4-inch  drain  should 
have  a  minimum  inclination  of  I  in  92;  a  6-inch  drain^  1  in  137; 
a  9-inch  drain,  1  in  206;  and  to  attain  this  they  must  run  at  least 
half  full.  The  discharges,  respectively,  would  be  7.85,  17.66,  and 
39.76  cubic  feet  per  minute. 

Accuracy  in  form  and  joints  and  smoothness  of  interior  surface 
are  important.  The  material  should  be  a  hard,  vitreous  substance, 
and  the  pipes  should  be  salt-glazed.  Such  pipes  are  preferred  to 
brick  in  sewers  on  account  of  their  being  non-absorptive. 

The  forms  of  cross-sections  for  sewers  are  the  circular,  elliptic, 
or  egg-shaped,  and  the  ordinary  tunnel  shape. 

The  circular  gives  the  greatest  sectional  area  for  a  given 
amount  of  wall  surface,  and  consequently  the  greatest  capacity 
for  discharge.  Where  provision  is  made  for  the  removal  of  heavy 
rains,  the  elliptic  form  is  preferred.  This  gives  capacity  for  dis- 
charge and  at  the  same  time,  owing  to  its  diminishing  cross-section 
towards  the  bottom,  prevents  the  stream  from  being  too  shallow 
and  sluggish  in  its  ordinary  flow.  The  tunnel  section  is  only  to  be 
adopted  when  the  minimum  flow  is  large  and  where  great  capacity 
is  required  to  carry  the  storm-waters  or  a  largely  increased  flow 
from  any  cause. 

753.  Proper  traps  should  be  used  in  all  connections  between 
the  receptacles  for  surface-water  at  corners  of  streets  and  the 
sewers,  to  prevent  the  escape  of  foul  air  along  and  close  to  the 
sidewalks;  and  also  a  place  should  be  provided  below  the  mouth 
of  these  connecting  pipes  for  the  deposit  of  sand  or  other  heavy 
material  carried  in  by  the  flood-waters. 

Man-holes  should  be  provided  for  ventilation  and  for  purposes 
of  examination;  and  lamp-holes  should  be  provided  over  pipe 
drains  at  every  change  of  direction  either  vertically  or  horizontally, 
so  that  by  suspending  a  lamp  in  the  sewer  at  these  points  the  por- 
tion of  the  pipe  between  them  and  the  nearest  manhole  can  be 
examined. 

The  manhole  is  a  shaft  or  chimney  built  up  from  the  sewer  to 
the  surface  of  the  street,  of  sufficient  size  for  the  entrance  of  a 
man.  The  lamp-holes  may  be  small  shafts  in  which  a  length  of 
vitrified  pipe  or  a  cylinder  of  other  material,  large  enough  to  allow 
a  lamp  to  be  lowered  through  them.  Both  man-holes  and  lamp- 
holes  are  covered  generally  with  cast-iron  caps. 

Great  care  is  necessary,  in  building  sewers  or  laying  pipes,  that 
the  foundation  shall  be  firm  and  unyielding,  otherwise  they  will 
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open  along  the  joints;  and  earthenware  pipes  are  likely  to  be 
cracked  or  broken  under  a  heavy  pressure  if  any  portion  of  their 
length  settles  out  of  line.  All  sewerworks  should  be  first-class  in 
every  respect;  and  they  should  be  tested  in  order  to  discover  leaks, 
if  any  exists  before  refilling  the  trench. 

SEWERS   OF  THE   CITY   OF  DULUTH,  MINN. 

764.  The  city  of  Duluth  extends  along  the  shore  of  Lake  Su- 
perior for  about  6  miles  and  inland  for  about  1  mile.  The  average 
slope  of  the  ground  towards  the  lake  is  about  9^  per  cent,  but 
reaching  as  high  as  from  16  to  32  per  cent  in  portions  of  the  city. 
The  original  system  was  the  separate  one^  the  surface  water  being 
carried  off  independently. 

Owing  to  the  growth  of  the  city  it  became  desirable  or  even 
necessary  to  provide  for  the  underground  removal  of  storm-water, 
the  roadways  being  greatly  washed  by  the  surface  water. 

Messrs.  Rudolph  Hering  and  Andrew  Roeswater  were  requested 
to  examine  and  recommend  the  proper  construction  of  pavements, 
sewers,  and  drainage-works.  They  reported  the  necessity  of  keep- 
ing stones  and  gravel  from  entering  the  sewers,  as  these  were  depos- 
ited at  the  foot  of  the  hills,  where  the  velocity  of  flow  is  so  greatly 
reduced  as  not  to  be  able  to  carry  these  heavy  deposits  into  the  lake. 
The  usual  custom  is  to  build  catch-basins  at  the  inlets  to  the  sew- 
ers, for  the  purpose  both  of  preventing  silt  from  depositing  and 
interfering  with  the  discharge  of  sewage  on  flat  grades,  and  also 
of  preventing  excessive  wear  on  steep  grades,  and  the  importance 
of  catch -basins  at  street  corners  and  at  alleys  where  intercepting 
sewers  are  required  is  strongly  urged. 

"The  great  velocity  of  the  water  flowing  down  the  gntters 
makes  it  necessary  to  build  the  basins  in  such  a  manner  that  this 
velocity  will  be  checked  when  flowing  through  the  basins,  and  not 
be  increased  again  until  the  water  has  escaped  therefrom.  The 
capacity  of  the  basin  is  governed  partly  by  the  maximum  amount 
of  water  which  at  a  low  velocity  of,  say,  2  feet  per  second  will  flow 
through  it,  and  partly  by  the  greatest  amount  of  solid  matter  which 
is  expected  to  be  deposited  during  a  single  storm.  To  prevent  the 
possible  failure  of  a  basin  by  becoming  choked  up  with  debris,  and 
therefore  causing  the  water  to  flow  past  it  down  the  avenue  and 
overcharging  the  next  basin,  we  think  it  desirable,  as  a  matter  of 
safety,  to  proportion  the  basins  of  double  capacity. 

"  To  check  the  velocity,  we  advise  the  placing  of  a  fender  across 
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the  inlet  in  the  path  of  the  stream,  as  shown  in  Fig.  395  (a),  oud  in 
order  to  prevent  the  water  from  permanently  remaining  iu  the 
basin,  a  small  drain  should  be  laid  from  the  bottom  to  the  outlet 
pipe  likewise,  as  shown  in  the  drawing. 

"As  unimproved  streets  and  avenues  paved  with  gravel   are 
likely  to  cause  a  larger  amount  of  gravel  to  enter  the  catch-basins 
than   streets    having    improved    pave- 
ments, we  advise  increased  size  iu  such  ^ 
cases.     At  the  upper  end  of  the  graded  % 
avenues,  to   which   drains    have    been   \ 
built,  it  may  be  found  expedient  to  build  ^ 
a  specially  large  catch-basin  of  timber  p 
for  a  temporary   purpose,  which    later  * 
can  be  replaced  by  a  smaller  one  of  per-  {a) 

manent  construction.  Fin.  a»5. 

"It  is  evident  that  to  secure  the  effective  working  of  catch- 
basins  they  must  be  cleaned  out  after  every  storm.  To  prevent  the 
entrance  of  a  considerable  amount  of  the  larger  refuse,  we  recom- 
mend that  the  gutters  of  the  gravelled  streets  bo  covered  with 
gratings.  The  probably  best  dimensions  for  the  basins  are  shown 
in  Fig.  395  {b),  but  experience  alone  can  definitely  determine  these 


FioB.  295. 
dimensions.     Fig.  295  (£)  shows  a  vertical  longitudinal  section,  (c) 
a  cross-section  of  catch-basin  and  outlet." 

For  that  portion  of  the  report  on  pavements,  see  Pavements  for 
Streets. 


THE   SALT    LAKE   CITY    IMTBECEPTING    AND   OUTFALL   SEWER. 

7S5.  The  following  is  a  description  of  the  sewer  system  and  con- 
stmction  of  sewers  designed  by  Mr.  A.  F.  Doremus,  City  Engineer 
of  Salt  Lake  City.  This  fiity  has  now  a  population  of  about  60,000 
people.  It  is  designed  for  the  drainage  of  about  3000  acres,  in- 
cluding the  residence  and  business  portion  of  the  city.  The  total 
length  of  the  intercepting  and   outfall  sewer  is  about  8  miles. 
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The  diameters,  lengths,  and  quantities  of  materialB  reqnired  in  th& 
construction  of  the  several  sizes  per  lineal  foot  is  given  io  the  fol- 
lowing table : 

Table  LXV. 

8ewer  dtameteis,  In  iDchea 88  43  48  M  H 

Lengths  of  sectioDB,  to  feel 5,200        G,800        0,600        9,800       n.HU 

Concreteperlin.  ft,,  Incu.  yds..  0.295  0.326  0.375  0.628  0,73» 
Bricknork  per  Mo.  ft. ,  iu  cu.  yds.  0. 109  0.  lid  0.183  0.223  0.m 
CemcDt  plaster  inside,  sq.  ft.  per 

liD.fimt 1.105       1.222       1.8M       l.m        1.8© 

The  grade  on  the  portions  of  the  line  where  the  diameters  o( 
the  sewers  were  38  and  43  inches  is  0.05,  and  on  other  portions  0.04, 
in  100,  Following  tlie  street-lines,  the  sewer  wae  laid  23  feet  from 
the  centre  line,  and  curving  at  street  intersections  through  area  of 


Figs  296. 
90°,  with  a  radius  of  127.33  feet.  Fig.  296  (b)  is  usual  section,  and 
shows  combined  brick  and  concrete  construction  for  the  largest 
diameters,  54  to  64  inches,  in  which  are  a  concrete  base  and  side 
walls,  surmounted  by  a  brick  arch  composed  of  three  rings.  Tlie 
design  and  construction  of  38,  42,  and  48  inch  sections  were  the 
same,  except  that  the  arch-ring  consists  of  only  two  layers  of  briok. 
and  t)ie  thickness  of  concrete  base  and  side  walls  was  reduced  from 
1^  inches  to  8  inches  in  thickness. 

A  special  design,  Fig.  296  (a),  was  used  under  the  several  rail- 
way crossings.  This  was  required,  as  tlie  extrados  or  top  of  il"' 
brick  arch  was  only  about  2  feet  2  inches  below  the  rails.  These 
portions  of  sewers  were  built  on  a  bed  of  concrete  17  inches  thieli 
and  12  feet  wide,  upon  which  masonry  walls  were  built.  The 
lower  half  was  lined  with  paving- brick, and  the  top  with  a  brick  arch 
composed  of  five  rings  of  brick.  In  all  cases  the  sewers  were  line's 
with  a  cement  coating  i  inch  tiiick :  imil  over  the  top  of  the  briclc 
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arch  a  similar  layer  of  cement  mortar  was  placed.  Manholes  were 
placed  at  intervals  of  800  feet.  Over  the  sewers  of  smaller  diam- 
eter the  manholes  are  placed  centrally^  the  bottom  diameter 
being  eqaal  to  that  of  the  sewer  itself>  and  the  top  diameter  2  feet 
6  inches.  For  sewers  of  the  larger  diameters  the  manholes  are  to 
one  side,  as  shown  in  Fig.  296  {b),  and  have  a  uniform  diameter  of 
2  feet  6  inches. 

Vitrified  branches  are  placed  at  all  street  intersections^  and  else- 
where on  the  line  at  intervals  of  800  feet.  Where  the  sewer  attains 
its  largest  size  of  64  inches  it  has  an  estimated  capacity  of  35,000^000 
gallons  daily. 

The  specifications  call  for  the  best  hard-burned  bricks,  laid  in 
cement  mortar,  1  cement,  2  sand.  The  concrete,  1  Portland 
cement,  4  sand,  and  5  parts  screened  gravel;  the  ^-iuch  coating, 
1  cement  1  sand. 

Much  trouble  was  encountered  while  constructing  the  sewers 
from  the  inflow  of  water,  requiring  the  construction  of  drain-boxes. 
A  layer  of  gravel  was  placed  as  a  foundation  for  the  concrete  base 
over  a  considerable  portion  of  the  length,  and  in  some  very  wet 
places  plank  foundations  were  used.  Bids  were  called  for  on  the 
basis  of  combined  concrete  and  brick  sewers,  and  upon  all  brick- 
work, the  brick  section  being  of  the  same  thickness  all  around. 
The  following  gives  quantities  and  cost: 

Table  LXVI. 


Kind  of  Work. 


Earth  excavation 

Earth  excavation  and  refilling 

Solid- rock  excavation 

So lid'Tock  excavation  and  refilling. 

Embankment 

Tunnelling  in  earth 

"  "  solid  rock 

Concrete  masonry 

Brick 
Cut-stone 
Rubble 
Drj'  rubble 
Cement  plaster... 

Riprap 

Lumber 

AggregAie  cost. 


Quantities. 


Price  per  Unit. 


(€ 


(( 
«< 
(t 


(( 


<< 


If 


<( 


73,700  cu.  yds. 

116.000 

10 

50 

500 

25 

850 

23,700 

8,400 

50 

200 

200 

66,870 

500 

200,000 


lln.  ft. 

cu.  yds. 
it      It 


it 


sq.  yds. 
cu.  yds. 
ft.  B.  M. 


10.40 

0.49 

6.00 

7.00 

0.25 
11.25 
17.00 

6.69 

9.99 
20.00 

6.50 

4.50 

0.33 

2.00 
30.00  per  1000 


Tota] 
Cost. 


$29,480 

56.840 

60 

350 

125 

281 

5,950 

158.553 

8a,9l6 

1.000 

1,300 

900 

21.572 

1,000 

6,000 


1867,327 
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For  sewers  constructed  with  brick  throughout  the  aggregate 
cost  was  $15,000  more  than  that  given  above.  The  combined  con- 
crete and  brick  construction  was  decided  upon.  The  cost  of  sewer 
Fig.  296(6)  was  $20  per  linear  foot.  The  cost  of  masonry  alone  in 
64-ineh  sewer,  Fig.  296(a),  was  $8  per  linear  foot.  Owing  to  the 
large  sizes  of  the  blocks  in  the  city  and  wide  streets,  which  were  660 
feet  square  and  132  feet  wide,  respectively,  the  outlay  for  laterals 
is  lessened,  but  the  house-connections  will  be  more  expensive. 


ART.  XLVIII. 

V 

CONSTRUCTION  OP  HIGHWAYS. 

766.  The  construction  of  highways  will  be  discussed  under  the 
two  heads  of  country  or  ordinary  roads  and  of  city  streets. 

Coufitry  Roads, — The  importance  of  good  location  and  easy 
grades  as  regards  the  proper  and  economical  construction  and 
maintenance  of  good  roads,  and  the  general  methods  of  making 
excavations,  embankments,  and  bridges,  have  been  fully  discussed 
in  other  portions  of  this  volume.  The  questions  now  remaining  to 
be  discussed  refer  to  the  proper  methods  of  draining,  dimensions, 
and  form  of  the  upper  surface  of  the  formation,  and  the  construc- 
tion of  the  permanent  way,  that  is,  the  kind,  quality,  and  placing 
of  the  surfacing  or  covering  material  in  order  to  fulfil  the  requisite 
conditions  of  a  good  road. 

As  in  manv  if  not  all  other  kinds  of  construction,  neither  econ- 
omy  in  the  first  cost  nor  the  greater  number  of  miles  unwisely  and 
badly  constructed  should  be  the  controlling  factors  in  the  location 
and  construction  of  highways.  These  considerations  have  resulted, 
it  may  be  safely  said,  in  the  reckless  waste  and  squandering  of  a 
sufficient  amount  of  money  in  so-called  road  construction  to  have 
given,  if  it  had  been  judiciously  spent,  every  State  in  the  Union  a 
system  of  good  main  highways  instead  of  the  abominable  roads  now 
found  in  every  State  and  county. 

767.  Unquestionably  good  highways  are  of  vastly  more  advan- 
tage to  any  community  than  the  best-devised  system  of  railways, 
and  it  is  a  source  of  encouragement  that  a  realizing  sense  of  the 
value  and  importance  of  good  common  roads  is  being  developed  in 
all  parts  of  the  country.  It  is  not  too  much  to  say  that  the  devel- 
opment and  construction  of  good  roads  is  coeval  w^ith  epochs  of  the 
^eatest  progress,  advancement,  and  highest  prosperity  of  the  older 
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countries  and  governments^  while  the  neglect  or  indifference  in 
such  constructions  have  marked  periods  of  retrogression^  decline, 
and  want  of  prosperity. 

758.  It  would  be  beyond  the  scope  of  this  volume  to  name  and 
discuss  the  value  of  good  roads  in  increasing  the  actual  or  market* 
able  value  of  adjacent  property,  and  in  the  vastly  greater  price  re- 
ceived for  agricultural  products  by  reason  of  the  greatly  diminished 
cost  of  transportation  both  in  power  required  and  in  time  con- 
sumed; to  say  nothing  of  the  wear  and  tear  on  vehicles  and 
teams  arising  from  ruts,  mud-holes,  and  generally  rough  roads. 
Such  things  represent  the  expenditure  in  actual  waste  of  hundreds 
upon  hundreds  of  thousands,  even  millions,  of  dollars.  We  have 
only  to  show  in  what  way  this  waste  can  be  avoided  while  adding 
to  the  comfort,  convenience,  and  health  of  communities. 

759.  Though  much  can  be  accomplished  even  on  the  badly  located 
and  existing  roads,  and  these  must  to  a  great  extent  be  improved 
as  they  stand,  yet  in  any  community  a  change  in  the  location  of  a 
few  of  the  worst  portions  of  the  lines  and  an  adjustment  of  the 
grades  can  be  made  at  reasonably  small  cost,  inconvenience,  or 
damage  to  the  property-owners.  As  far  as  practicable  this  should 
be  done  before  expending  any  great  sum  on  attempts  to  improve 
such  portions  of  roads. 

760.  All  new  roads  should  be  located  with  due  regard  to  good 
alignment,  easy  grades,  and  good  drainage,  and  not  following  bound- 
ary lines  regardless  of  length  of  road,  high  and  difficult  ground, 
with  steep  grades  and  costly  construction. 

A  road  should  have  sufficient  width  to  accommodate  the  traffic 
both  present  and  prospective.  It  should  provide  space  for  a  wheel- 
way  for  vehicles,  and  also  a  footway  on  each  side.  This  refers  to  a 
proper  width  of  right  of  way.  The  whole  need  not  be  improved 
on  the  first  construction  and  opening  of  a  roadway. 

Wide  roads  are  preferable.  They  expose  a  larger  surface  to  the 
drying  action  of  the  sun  and  wind,  and  require  less  supervision 
and  repairs  than  narrow  ones.  Their  first  cost  is  greater  in 
almost  direct  proportion  to  their  width,  and  the  cost  of  maintenance 
depends  more  upon  the  kind  and  character  of  the  traffic  than  upon 
the  v^idth.  On  a  narrow  road  the  traffic  is  confined  to  one  track, 
causing  a  greater  degree  of  wear  and  tear. 

The  width  of  right  of  way  varies  from  35  to  66  feet.  The 
width  which  is  macadamized  varies  in  different  countries.  In 
Belgium  it  i&  on  an  average  8^  feet,  in  France  from  16  to  22  feet. 
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and  in  the  United  States  16  feet.  The  least  width  admissible  is 
about  8  feet  for  a  single  track,  This,  however,  requires  at  frequent 
intervals  turn-out  tracks.  That  for  a  continuous  double  track  is  16 
feet.  Where  macadamizing  is  only  used  for  a  single  track,  the 
other  track  should  be  kept  in  condition  for  the  traffic,  and  will 
often  be  preferred  for  probably  one  half  the  year. 

Figs.  297  show  the  usual  forms  and  widths  of  wheelway  and 
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(«) 


OPEN  DRAINS 

(6) 


TILE  AND  BROKEfl  STONE  DRAINS 


CENTRAL  DRAINS 

Figs.  297. 

foot-paths,  with  the  methods  of  drainage,  both  with  open  ditches 
and  tile  covered  with  broken  stone. 

No  general  rule  or  practice  can  be  given  either  in  regard  to  width 
or  drainage  of  mountain  roads.  Owing  to  the  necessarily  great 
number  of  sharp  curves,  they  should  be  wide — not  less  than  from  16 
to  24  feet.  If  the  traffic  is  large,  the  greater  width  should  be  used; 
and  in  general  it  will  be  necessary  to  macadamize  for  a  double 
track. 

On  hillsides  and  mountain  roads  it  is  generally  considered  better 
to  give  the  entire  surface  a  single  sideways  slope,  inclining  inwards, 
all  the  water  draining  to  this  side.  But  since  the  traffic  will  com- 
monly hug  the  inside,  there  is  great  danger,  especially  in  hard  rains, 
of  washing  and  wearing  into  ruts.  It  is  safer,  especially  when  ice 
may  form,  and  on  steep  grades. 

It  is,  however,  better  in  general  to  have  the  centre  of  all  roads 
somewhat  higher  than  the  sides,  so  that  the  water  may  shed  rapidly 
both  ways  from  the  centre  line,  and  not  follow  along  the  line  on 
grades.  When  the  surface  is  kept  in  good  order  this  centre  rise  or 
crowning  may  be  very  little.  The  crowning  should  bear  some  cer- 
tain proportion  to  the  width  of  carriageway.  Earth  roads  require 
the  greatest  and  asphalt  roads  the  least  rise. 

There  is  no  dispute  in  regard  to  making  all  road  surfaces  con- 
vex transversely,  but  there  is  a  difference  of  opinion  and  practice 
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as  to  the  proper  elevation  of  the  centre  above  the  sides,  and  as  to  the 
form  of  the  surface,  whether  it  should  be  composed  of  two  straight 
lines  intersecting  at  the  centre,  which  are  rounded  off  at  and  near 
the  centre,  or  whether  the  transverse  section  shall  be  circular,  ellip- 
tic, or  parabolic  arcs. 

For  country  roads  a  suitable  convexity  can  be  obtained  as  fol- 
lows: Having  the  centre  rise,  give  seven  eighths  of  this  at  one 
fourth  the  width  from  the  centre,  and  five  eighths  of  the  rise  at  the 
half-width  point,  between  centre  and  side. 

If  the  rise  is  excessive,  vehicles  will  keep  to  the  centre  line.  If 
they  run  to  one  side,  the  tractive  force  is  increased  by  an  undue 
proportion  of  the  load  being  concentrated  on  one  line  of  wheels. 
Straight-line  sides  wear  hollow  and  retain  water. 

The  proper  convexity  should  be  given  to  the  formation — that 
is,  the  natural  soil  or  foundation, — and  not  obtained  by  varying  the 
thickness  of  the  covering  material. 

761.  Earth  Road. — While  a  great  deal  of  attention  and  study 
has  been  given  to  the  cost  of  covered  or  paved  roads,  seemingly  but 
little  has  been  given  to  the  proper  construction  and  maintenance 
of  earthen  roads.  In  the  United  States  the  main  dependence  for 
a  large  proportion  of  country  roads  must  be  upon  roads  simply  sur- 
faced with  the  ordinary  earthy  material  found  along  their  lines. 
Hence  the  importance  of  understanding  the  best  construction  for 
the  existing  local  conditions.  Unfortunately  there  is  little  reliable 
data.  It  has  generally  been  assumed  that  it  is  idle  to  do  more  than 
roughly  mark  out  and  grade  an  earthen  road,  as  it  will  be  bad 
under  any  circumstances  in  wet  and  freezing  weather,  and  will  be 
worked  into  a  reasonable  condition  by  the  traffic  in  good  weather. 
The  conclusion  is  an  Aitirely  fallacious  one.  By  earthen  roads  is 
meant  those  which  are  formed  entirely  of  clay,  sand,  and  gravel  and 
sand,  and  the  ordinary  mixed  earths. 

762.  Clay  Roads, — All  mud  and  perishable  material  should  be 
removed,  as  also  weather-worn  and  loose  material,  and  the  surface 
well  compacted  and  rolled  to  the  proper  surface.  When  it  is  neces- 
sary to  make  embankments  or  fills  of  clay,  all  lumps  should  be 
broken  up,  and  the  material  thoroughly  dry  or  at  least  but  slightly 
moist,  and  it  should  be  rolled,  or  otherwise  compacted  in  thin  layers. 
The  ribbed  or  corrugated  rollers  alone,  or  followed  by  a  smooth 
roller,  are  preferable,  as  preventing  the  formation  of  well-defined 
layers  with  smooth,  regular  seams  between  them.  Rollers  with 
smooth    surfaces    are,   however,   commonly  used.      In    whatever 
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manner  and  degree  of  care  olay  roads  are  constructed^  thorough 
and  efficient  drainage  is  essential,  in  accordance  with  some  of 
the  types  shown  in  Figs.  297.  Owing  to  the  great  retentivenesg 
of  clay,  the  narrower  the  roadway  the  more  effective  will  be  any 
system  of  drainage.  In  the  maintenance  of  clay  roads  neither  holes 
nor  ruts  should  he  filled  with  sods  or  tnrl  They  will  decay,  and 
form  the  softest  mud.  Nor  should  they  be  filled  with  field  or 
broken  stone,  as  the  wear  will  not  be  uniform,  resulting  in  the  for- 
mation of  hard  ridges,  or  else  allowing  water  to  enter  the  clay, 
forming  mud,  and  resulting  in  a  worse  condition  of  road  than  that 
which  it  was  intended  to  repair. 

Trees  and  close  hedges  should  not  be  allowed  near,  the  sides  of 
clay  roads.  It  requires  all  the  sun  and  wind  possible  to  keep  its 
surface  dry  and  firm. 

The  crowning  or  centre  rise  for  earth  roads  is  taken  at  about  ^ 
the  width  of  the  street.  That  gives  a  side  slope  of  about  one  in 
twenty  (^)  from  centre  to  side.  This  is  sometimes  on  grades  made 
1  in  12. 

After  removing  loose  and  perishable  material,  and  thoroughly 
compacting  the  soil,  the  surface  of  clay  roads  can  be  greatly  im- 
proved by  covering  with  a  layer  of  from  3  to  5  inches  of  sand,  gravel, 
shell,  coal-slack,  cinders,  furnace-slag,  etc.,  where  these  materials 
are  found  in  quantities,  and  where  their  cost  is  trivial.  This  layer 
should  be  well  compacted  by  rolling.  Of  late  a  ballast  of  burnt 
clay  has  been  used  and  recommended  for  both  railways  and  high- 
ways in  the  absence  of  other  materials.  This  material  is  obtained 
from  the  road-bed  itself.  It  is  excavated  to  the  depth  of  two  or 
more  feet,  and  left  in  irregular  piles  to  be  dried  out  by  the  suu  and 
winds,  this  taking  from  one  to  two  weeks.  •  The  burning  is  then 
effected  by  forming  cone-shaj)ed  piles,  intermixed  with  some  easily 
combustible  materials,  straw,  and  pieces  of  dry  wood.  The  fires  are 
continued  until  the  mass  assumes  a  red  color.  The  burnt  claV; 
after  cooling,  is  replaced  on  the  road-bed.  The  mass  wili  then 
settle  into  a  firm,  dry  layer,  and  forms  a  good,  solid  road-bod. 

Wet  clay,  vegetable  mould,  etc.,  are  unfit  for  any  kind  of  em- 
bankments. 

763.  Sand  Roads, — There  is  no  disadvantage  arising  from 
vehicles  using  the  same  track  on  sand  roads.  On  the  contrary,  it 
is  claimed  as  an  advantage  to  have  all  the  vehicles  run  in  the 
same  track,  and  narrow  roads  with  frequent  turnouts  will  answer 
every  purpose  unless  the  volume  of  the  traffic  is  suffiinent  to  justify 
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continuons  doable  tracks.  The  reasons  calling  for  wide  and  open 
clay  roads  do  not  exist  in  the  case  of  sand  roads. 

Wet  sand  roads  are  preferable  to  dry  ones.  Ditching  or  artifi- 
cial drains  are  not  desirable  beyond  what  is  necessary  to  carry 
off  surplus  water  in  case  of  hard  rains,  and  when  used  should  not 
have  any  great  depths  as  this  would  cause  too  rapid  drying  and 
caving  or  scouring  out  of  the  material.  Such  roads  should  be  pro- 
tected by  an  abundant  vegetable  growth  on  each  side  of  the  wheel- 
ways. 

Overhanging  trees  are  favorable  in  shading  the  road,  and  the 
fall  of  leaves  and  twigs  on  the  road  is  of  advantage  rather  than 
otherwise. 

A  coating  of  5  or  6  inches  of  clay  will  improve  such  roads.  A 
coating  of  a  few  inches  of  loose  straw  will  under  a  few  days'  traffic 
result  in  the  formation  of  a  hard,  firm  surface.  Koads  covered 
with  a  deep  layer  of  dry  sand  are  very  objectionable  in  every 
respect. 

764.  Roads  of  Ordinary  or  Mixed  Earths. — Mixed  earths 
differ  so  greatly  in  the  character  and  proportions  of  their  ingredi- 
ents, that  it  is  difficult  to  classify  them  or  state  definitely  what 
conditions  will  exist  in  different  kinds  of  weather.  A  good  earth 
for  roads  must  either  possess  the  property,  after  being  rolled  and 
compacted,  of  shedding  the  water  rapidly  from  its  surface  so  as 
to  prevent  percolation  into  or  collection  of  water  in  its  interior,  or, 
if  the  water  enters,  it  must  be  of  such  a  character  that  it  will  not 
remain  in  the  mass,  but  will  readily  drain  off.  These  types  are 
represented  by  a  good  clay  on  the  one  hand,  and  a  clean  sand  or 
gravel  and  sand  on  the  other;  and  only  those  earths  which  fulfil 
one  or  the  other  of  these  conditions  are  suitable. 

Certain  mixtures  of  sand  or  gravel  and  sufficient  clay  to  act 
as  a  binder  will  make  a  good  firm  road  and  a  water-tight  sur- 
face ;  whereas  such  mixtures  overlaid  with  a  more  porous  surface 
would  hold  any  water  reaching  it,  in  which  case  the  clay  would 
become  mud  and  result  in  the  destruction  of  the  road-bed.  A 
small  proportion  of  sand  in  a  clay  will  prevent  cracking  and  split- 
ting of  the  mass.  In  case  of  cracks  the  water  finds  ready  entrance, 
and  will  injure  if  not  destroy  the  road. 

Any  ordinary  earths  with  proper  construction  and  ample  pro- 
vision for  drainage  will  make  fairly  good  roads,  even  in  unfavorable 
weather. 

Sufficient  supervision,  quick  repairs  of  seemingly  small  defects 
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and  irregularities  of  surface^  and  occasional  rolling  will  maintain 
a  good  surface  at  comparatively  small  cost. 

A  judicious  use  of  road-grading  machines  will  be  of  advantage 
on  all  classes  of  earth  roads.  The  use  of  ploughs  is  to  be  condemned: 
they  break  up  and  disintegrate  an  already  compacted  snrface. 
Scraping-machines  are  not  intended  to  drag  the  soft  and  disinte- 
grated material  from  the  ditches  and  road  surface  and  pile  it  up  in 
the  centre  of  the  road,  but  to  remove  all  such  material  and  deposit 
it  where  it  cannot  get  back  on  the  surface  or  in  the  ditches. 

Cost  of  Earth  Roads, — There  is  little  reliable  data  upon  which 
to  base  a  statement  of  the  cost  of  dirt  roads.  This  is  due  to  a  want 
of  systematic  method  or  continuity  in  their  first  construction,  often 
amounting  to  no  more  than  clearing  the  roadway  of  trees,  stumps, 
large  bowlders,  and  a  skimming  excavation  or  a  fill  here  and  there. 
Much  of  the  subsequent  work  called  maintenance  is  nothing  more 
nor  less  than  original  construction  to  a  very  great  extent,  and  of 
this  under  the  prevailing  systems  no  knowledge  is  obtained  or  rec- 
ords kept.  The  general  result  is  a  large  expenditure  of  money  and 
poor  apologies  for  roads.  The  cost  will  also  vary  so  greatly  with 
local  conditions,  even  in  the  same  county  and  on  the  same  road, 
executed  in  a  disjointed,  haphazard  manner  by  different  foremen 
or  overseers,  that  it  is  impossible  to  obtain  an  average  cost.  It  is, 
however,  variously  estimated  anywhere  at  from  $400  to  $3000  per 
mile. 

765.  The  conditions  governing  the  construction  of  good  roads 
and  the  proper  construction  of  them  were  well  exhibited  at  the 
World's  Columbian  Exposition,  under  the  auspices  of  the  National 
League  for  Good  Roads,  General  Roy  Stone,  President. 

The  conditions  entering  into  and  determining  the  proper 
manner  of  road  construction  are:  (1)  the  grade  of  the  road; 
(2)  thtj  nature  of  the  soil;  (3)  the  volume  and  nature  of  the  traflSc. 

The  grade  determines  the  crown  and  to  some  extent  the  depth 
-of  the  road-bed. 

The  soil  determines  the  depth  and  class  of  road-bed,  and  also 
questions  of  drainage. 

The  trafiic  determines  the  width  of  the  roadway  and  of  the 
road-bed,  the  depth  and  class  of  road-bed,  and  the  quantity  of  ma- 
terials for  the  service  required. 

There  were  nine  sections  of  road,  each  of  which  represented  a 
class  of  road  adapted  to  certain  conditions  and  requirements. 
These  were  laid  out  in  three  strips,  each  containing  three  sections. 
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The  widths  of  roadway  in  each  strip  were  the  same  throughout. 
Strip  1  was  for  a  roadway  2  rods  or  33  feet,  Strip  2  was  2^  rods  or 
41i  feet,  and  Strip  3  for  3  rods  or  50  feet  in  width,  the  width  being 
the  full  width  from  fence  to  fence.  In  each  strip  there  were  three 
sections:  (1)  Roads  of  steep  grades  on  firm,  dry  soils  and  for  light 
traffic;  (2)  roads  of  flat  or  minimum  grades  on  wet  and  yielding 
soils  and  for  heavy  traffic,  with  provisions  for  subdrainage;  and 
(3)  roads  of  moderate  grades  on  firm,  dry  soil  and  for  moderate 
traffic. 

The  road-beds  2^  and  3  rods  wide  are  intended  to  provide  for 
gutters  or  drains  and  sidewalk^  on  either  side,  having  symmetrical 
cross-sections.  The  general  construction  in  these  two  cases  is  the 
same,  the  crowning  alone  varying. 

The  2-rod  roadways  had  no  sidewalks,  and  in  their  places  were 
substituted  deep  ditches.  The  crossnsection  was  not  symmetrical. 
The  stone  road-bed  occupied  one  side  of  the  side  line  with  a  width 
of  8  feet,  and  alongside  of  this  was  an  earth  road  16  feet  wide,  econ- 
omy of  construction  and  maintenance  being  the  reason  for  adopt- 
ing these  dimensions  and  construction.  This  provides  a  single- 
track  broken-stone  road,  suitable  for  heavier  traffic  and  for  use  in 
wet  weather;  and  an  earthen  track,  which  may  be  useful  at  least  for 
a  large  portion  of  the  year,  and  for  certain  kinds  of  travel  more 
desirable  than  the  broken-stone  road,  especially  if  this  latter  is  not 
kept  in  good  repair. 

'Uhere  were  three  classes  of  construction  depending  on  the 
grade,  soil,  and  traffic:  (1)  The  macadam  road-bed  8  inches  in 
thickness;  (2)  the  macadam  road-bed  6  inches  in  thickness; 
(3)  the  Telford  road-bed  12  inches  in  thickness. 

The  general  description  of  these  different  modes  of  construc- 
tion is  as  follows :  In  each  case  a  proper  rolling  of  the  earth-bed 
called  the  subgrade,  and  also  of  each  successive  course  of  stone  up 
to  the  grade  surface  proper,  is  essential  for  the  proper  construction, 
economy  of  maintenance,  and  permanency  of  the  road-bed.  A 
steam-roller  weighing  10  tons  is  recommended  for  economy,  rapid- 
ity, and  efficiency,  but  the  5-ton  horse  roller  may  be  used. 

Where  the  binding  materials  are  screenings,  sand,  or  gravel, 
they  should  be  sprinkled  before  rolling,  but  with  a  clay  binder  it  is 
worked  dry. 

The  construction,  then,  is  as  follows,  after  the  subgrade,  as  the 
earth-bed  is  called,  is  properly  formed  and  rolled: 

786.  For  the  33-feet  roadwav,  width  measured  from  fence  to 
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fence:  Bead  way,  25  feet  wide;  broken -stone  portion,  8  feet;  earth 
portion,  16  feet;  side  ditches,  3  feet  wide  at  top  and  1  or  more  feet 
at  bottom,  the  depth  of  the  ditches  from  1  to  4  feet,  according  to 
nature  of  the  soil. 

767.  For  steep  grades,  firm,  dry  soils,  and  light  traffic :  Crown 
of  wheel  way,  3^  inches;  slope  of  side  track,  i  inch  per  foot;  first 
or  bottom  course  of  stone,  3  inches  thick,  the  second  or  top  conrse 
also  3  inches  thick.  The  stone  broken  to  H  inches.  The  road 
surface  finished  with  a  layer  of  screenings  not  less  than  i  inch  in 
thickness. 

For  roads  41^  feet  wide  between  fences:  Boadway,  25  feet  wide; 
broken  stone  wheel  way,  12  feet;  sidewalks,  8^  feet,  with  6  inches  of 
macadam  laid  as  already  described;  crown  of  wheelway,  5  inches; 
the  depth  of  gutters  below  centre  grade,  12  inches;  slope  of  side- 
walks, 4  inches. 

For  roads  50  feet  wide  between  fences:  Roadway,  30  feet; 
wheelway,  16  feet;  sidewalks,  10  feet,  with  6  inches  macadam; 
crown  of  wheelway,  6  inches;  depth  of  gutters  below  centre  grade^ 
16  inches;  slope  of  sidewalks,  5  inches. 

768.  For  moderate  grades,  firm,  dry  soils,  and  moderate  traffic: 
The  same  widths  are  used  in  the  order  as  above.  The  thick- 
ness of  the  macadam  is  increased  to  8  inches  in  two  courses  of  4 
inches  each,  and  finished  with  a  thin  layer  of  stone  screenings. 
The  following  are  the  specific  differences  for  the  three  different 
widths  of  roadway: 

For  the  33-foot  roads:  Crown  of  wheelway,  3  inches;  slope  of 
side  track,  i  inch  per  foot. 

For  the  41i-foot  roads:  Crown  of  wheelway,  4  inches;  depth  of 
gutters  below  centre  grade,  10  inches;  fall  of  sidewalk,  4  inches. 

For  the  50-foot  roads:  Crown  of  wheelway,  5  inches;  depth  of 
gutters  below  centre  grade,  12  inches;  slope  of  sidewalk,  5  inches. 

769.  For  flat  grades,  wet  and  yielding  soils,  and  heavy  traffic: 
For  these  conditions  some  special  means  of  subdrainage  is  neces- 
sary.  Ditches  are  dug  on  either  side  of  the  broken-stone  road-bed 
and  underneath  it.  These  ditches  have  a  bottom  width  of  1  foot 
at  a  depth  of  4  feet  below  the  grade  of  the  road,  with  side  slopes  of 
3  inches  per  foot  rise.  Tile  pipes  4  inches  in  diameter  are  laid,  with 
open  joints.  The  ditches  are  then  filled  with  broken  stone,  coarse 
cinders,  or  gravel,  over  which  the  road-bed  is  constructed.  For  the 
33-foot  roads  open  ditches  were  used  in  place  of  the  sidewalks. 

For  the  grades,  soils,  and  traffic  referred  to  in  this  paragraph 
the  Telford  road  is  recommended. 
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General  dimensions  in  the  same  order^  with  the  following 
modifications: 

For  the  33-foot  roads:  Crown  of  wheelway.,  3^  inches;  slope  of 
side  track,^  inch  per  foot. 

For  the  4H-foot  roads:  Crown  of  wheelway,  5  inches;  depth 
of  gutters  below  centre  grade^  12  inches;  fall  of  sidewalks^  4  inches. 

For  the  50-foot  roads:  Crown  of  wheelway,  6  inches;  depth  of 
gutters  below  centre  grade,  12  inches;  slope  of  sidewalks,  5  inches. 

The  construction  of  the  Telford  roads  is  as  follows: 

770.  The  first  or  bottom  course  consists  of  large  stones  roughly 
shaped,  and  about  the  same  relative  dimensions  of  granite  paving- 
blocks.  This  course  is  about  8  inches  in  depth.  The  broadest  sur- 
face is  placed  on  the  earth  formation,  and  the  wedge-shaped  spaces 
between  these  stones  are  then  filled  with  the  smaller  pieces  and 
chips  of  stone.  The  projecting  corners  of  the  large  stones  are  then 
broken  off,  and  the  whole  work  compacted  with  bars  and  hammers. 
A  course  of  stone  broken  to  1^  inches  is  used  to  fill  the  spaces 
remaining  between  the  large  stones  of  the  bottom  course;  and, 
finally,  a  third  course  of  broken  stone  1^  inches  in  size  and  4  inches 
in  depth  is  placed  over  the  bed  thus  formed.  A  surface  coat  of 
screenings  laid  as  before  completes  the  road-bed. 

In  all  cases  special  attention  is  given  to  proper  drainage  ditches. 
In  flat,  wet  countries  extra  depths  may  be  given  to  the  drainage 
ditches,  and  in  such  cases  it  is  best  to  raise  the  grade  of  the  road  a 
foot  or  more  above  the  natural  surface  adjoining,  the  material  from 
the  side  ditches  being  used  to  effect  this  purpose. 

The  open  ditches  may  be  used  instead  of  the  tile  and  broken- 
stone  drains  in  and  under  the  road-bed. 

Where  rock  is  scarce  or  expensive  the  field  stone  obtainable 
along  the  route  may  be  substituted  for  the  bottom  course  of  large 
stone  in  the  Telford  pavement.  It  is  not  a  desirable  substitute, 
and  in  such  cases  the  top  course  of  broken  stone  should  be  at  least 
4  inches  in  thickness  after  being  rolled  and  compacted. 

771.  The  following  tables  give  the  quantities  of  material  and 
cost  for  the  several  modes  of  construction  above  described.  The 
stone  used  in  these  specimen  roads,  which  were  rather  intended  to 
show  methoda  than  to  prescribe  or  advocate  any  particular  variety 
of  stone,  was  a  dolomite  (limestone)  of  excellent  quality,  which  has 
been  extensively  used  on  the  streets  and  boulevards  of  Chicago. 
It  wears  rapidly  under  heavy  traffic.  For  the  Telford  roads  it  has 
sufficient  hardness,  but  breaks  badly.  The  granite  furnished  by 
the  Hudson  River  Supply  Company  was  superior  to  the  limestone. 
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Tablb  LXVII. 
QUANTITISS  AND  COST  FEB  MILB. 

Width  of  broken-Stone  roadway 8  feet  13  feet  16  feet 

For  the  6-inch  macadam: 

Broken  stone,  cubic  yards 940  1,410  1,875 

Binder,  cubic  yards 156  385  815 

Total  cost  of  grading,  ditching,  and  of  mate- 
rial, rolling,  etc $8,050  4.575  6.100 

For  the  8-inch  macadam: 

Broken  stone,  cubic  yards 1.260  1.875  2,500 

Binder,  cubic  yards 210  315  420 

Total  cost $8,750  $5,685  $7,500 

For  the  Telford  road: 

Large  stones,  cubic  yards 1.800  1,960  2,610 

Small  broken  stone,  cubic  yards 780  1,175  1.565 

Binder,  cubic  yards..  156  235  315 

Cost $5,150  $7,760  $10,850 

Cost  of  subdrainage 1,585  1,585  1,685 

The  use  of  ordinary  field  stone  instead  of  the  regular  Telford 
stone  for  the  bottom  course  would  make  the  cost  less  by  from  $1000 
to  $1500  per  mile.  On  steep  grades  paved  gutters  would  be  required 
in  some  cases.  The  cost  of  these  are  not  included  in  the  above 
estimates. 

772.  The  sidewalks  were  gravelled  to  the  depth  of  ahout  3 
inches  over  a  width  of  4  feet  along  the  centre  line,  and  the  remain- 
ing portions  on  either  side  of  this  footpath  were  sodded,  leaTing 
room  for  planting  trees  on  the  edge  of  the  gutter.  The  gravelled 
footpath  is  slightly  rounded. 

773.  In  estimating  quantities  of  material  an  excess  of  20  per 
cent  over  the  actual  compacted  thicknesses  is  allowed  for  the 
broken  stone  and  binders,  and  for  the  Telford  stone  an  allowance 
of  25  per  cent  is  made. 

The  estimates  of  cost  are  based  on  the  following  prices  per 
square  yard  of  completed  road,  including  the  cost  of  excavation: 

Table  LXVIII. 

6-inch  macadam ....  $0.65  per  square  yard. 

8-inch         "        ....  0.80    "        "         '' 

12-inch  Telford 1.10    "        "         " 

12^inch  field  stone...  0.90    '*        "         « 

Tile  subdrain 0.30  per  lineal  foot. 
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774.  An  improved  construction  for  country  roads  was  also 
exhibited.  One  of  these  was  a  Telford  road  with  6  inches  of 
coarse  stone^  4  inches  of  medium,  and  2  inches  of  crushed  stone. 
The  cost  for  a  15-foot  roadway  was  placed  at  $3000  per  mile  where 
the  cost  of  stone  is  11.00  per  cubic  yard.  Another  road  was  built  of 
burnt  clay  with  a  6-inch  course  of  coarse  material,  4  inches  medium, 
and  2  inches  of  fine.  The  cost  of  a  15-foot  roadway  was  stated  at 
♦2000  per  mile,  with  coal  for  fuel  not  exceeding  12.00  per  ton. 
Burnt  clay  is  beiug  used  for  ballast  on  Western  railways,  but  is  a 
new  material  for  road  construction. 

775.  One  specimen  of  asphalt  paving  cut  from  a  pavement  in 
actual  use  for  over  six  years'  constructed  on  an  8-inch  bed  of  con- 
crete on  which  2^  inches  of  asphalt  were  placed.  The  travel  over 
this  pavement  had  been  204  tons  per  square  foot  per  day,  or  a  total 
of  495,720  tons.  The  cost,  with  five  years'  guaranty,  was  $2.90  per 
sqnare  yard.  The  cost  of  repairs  during  the  second  five  years  has 
been  46  cents  per  square  yard. 

The  total  amount  of  Trinidad  asphalt  pavement  in  the  United 
States  is  781  miles. 

A  cement  and  gravel  pavement  in  use  for  two  years  under 
heavy  traffic  was  also  shown. 

Specimens  of  wood  paving,  used  in  New  South  Wales,  made  of 
blocks  of  Black  Butt  or  Eucalyptus.  This  wood  is  very  dense  and 
heavy.     The  blocks  were  8^  X  6  X  2f  inches. 


COUNTRY   ROADS. 

776.  While  much  attention  and  study  has  been  given  to  the  con- 
struction of  good  roads  covered  or  paved  in  some  manner  with  hard 
materials,  little  has  been  bestowed  on  the  proper  construction  and 
maintenance  of  country  or  ordinary  roads.  In  a  country  embrac- 
ing the  great  area  of  the  United  States,  and  with  even  those 
States  but  thinly  settled  which  have  the  largest  population,  it  is 
hardly  to  be  expected  that  in  the  near  future  any  uniform  and 
systematic  methods  of  location,  grading,  paving,  and  draining  of 
our  roads  will  be  adopted  as  have  been  in  those  European  states 
which,  covering  an  area  but  little  greater  than  one  of  our  largest 
States,  have  a  population  equal  or  nearly  so  to  that  of  all  of 
them,  and  while  it  is  to  be  hoped  that  gradually  properly  con- 
structed and  paved  or  broken-stone  roads  may  be  extended  from 
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one  or  more  centres  until  all  of  the  principal  county  and  State 
roads  will  compare  favorably  with  the  best  foreign  highways,  yet 
it  must  not  be  forgotten  that  for  a  great  many  years  the  large 
mass  of  our  people  must  put  up  with  what  are  called  dirt  roads. 
Therefore  the  proper  construction  and  maintenance  of  dirt  roads  is 
the  question  whose  solution  should  engage  the  thoughts  of  our 
engineers  and  taxpayers.  At  present  both  time  and  money  are 
absolutely  thrown  away.  Our  country  roads  are  fairly  good  when 
the  weather  is  favorable,  but  this  is  mainly  due  to  Providence,  and 
not  to  our  labors  or  money  expended.  The  locations  are  bad, 
the  grades  are  so  steep  in  many  places  which  could  be  easily 
avoided,  that  it  is  almost  impossible  for  teams  to  ascend  them,  or 
to  hold  back  in  descending.  In  unfavorable  weather  they  are 
abominable  if  not  impassable;  and  on  such  roads,  up  to  date,  time 
and  money  have  been  wasted  sufficient  to  have  nearly  all  of  our 
roads  in  fair  condition  at  all  times,  and  a  large  portion  of  them 
up  to  the  best  standards. 

777.  However  much  of  the  wear  and  destruction  of  roads  may 
be  attributed  to  the  unfavorable  character  of  the  soil,  the  kind  and 
quantity  of  traffic,  the  kind  of  vehicles  employed, — two  or  four 
wheeled,  broad  or  narrow  tire,  wheels  of  large  or  small  diameter, 
relative  length  of  axles  between  front  and  rear  wheel  bearings,  etc., 
— ^we  can  safely  assert  that  the  most  potent  factor  among  the  many 
destructive  agencies  is  that  of  the  weather,  considered  in  connec- 
tion with  defective  drainage  or  no  drainage  at  all. 

778.  Effects  ot  weather  are  manifested  in  the  rains,  strong,  dry 
winds,  and  the  expanding  and  contracting  influences  of  freezing 
and  thawing. 

779.  The  effects  of  the  rains  are  twofold :  (1)  They  wash  the 
surface;  (2)  they  soak  into  the  underlying  material  or  foundation. 
The  washing  of  the  surface  removes  the  binding  material,  cuts  the 
roadway  into  a  series  of  transverse  gutters  or  ruts  extending  to  the 
sides,  and  on  steep  down  grades  longitudinal  ruts  are  formed,  either 
of  which  results  is  destructive  of  the  roadway,  and  renders  it  un- 
safe for  travel.  Where  simple  gutters  or  drains  are  cut  on  the 
sides,  the  flow  of  water  widens  and  deepens  them,  encroaching 
upon  and  destroying  the  roadway — so  much  so  that  on  many  roads 
it  is  absolutely  dangerous  to  drive  along  them,  especially  after  dark, 
unless  familiar  with  the  conditions. 

The  water  may  reach  the  foundation  either  by  passing  through 
the  road  surface,  or  by  seeping  or  flowing  under  it  from  the  sides* 
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The  nearer  a  roadway  approaches  to  a  non-porous  surface  and  a 
porous  foundation  the  better  will  be  the  road.  If  the  sjurface  is 
free  of  water,  it  will  be  but  little  affected  by  the  action  of  frost.  A 
porous  foundation  allows  a  rapid  disappearance  of  any  water  reach- 
ing it  from  above  or  from  the  sides  by  either  sinking  downwards  or 
laterally,  provided  no  scouring  takes  place,  which,  however,  can  be 
readily  prevented  by  means  of  intercepting  drains  which  will  carry 
it  to  some  watercourse.  If  the  road  traverses  a  sandy  or  gravelly 
section,  no  large  or  heavy  stones,  no  extra  depth  of  stone,  and 
commonly  no  drains  are  required,  as  good  natural  drainage  will 
usaally  exist;  and,  moreover,  a  damp  or  wet  sand  is  more  favorable 
for  traction  than  when  dry.  If,  on  the  contrary,  the  foundation  is 
clay  or  loam,  any  water  that  reaches  it  will  remain  in  it.  It  will 
become  soft  and  result  in  the  disintegration  or  destruction  of  the 
surface.  In  such  soils  drains  must  be  placed  to  carry  off  the  water, 
or  it  must  not  be  allowed  to  reach  it  all,  being  intercepted  by 
means  of  a  drain  excavated  on  the  up-hill  side,  and  transverse 
drains  under  the  surface  of  the  road-bed. 

As  the  water  washes  the  finer  or  binding  material  from  the  road 
surface,  it  is  desirable  that  all  water  falling  on  the  road  should  be 
shed  off  as  rapidly  as  possible  in  order  to  prevent  accumulation 
and  flow  over  any  portion  of  the  road.  On  grades  over  5  to  6  per 
cent  it  is  difficult  to  prevent  the  water  from  flowing  along  the  road 
for  a  considerable  distance  before  reaching  the  side  drains  or 
gutters,  resulting  in  ruts  or  gullies  in  the  road. 

If  the  natural  soil  is  sandy,  the  wear  and  solidity  of  the  road 
may  be  increased  by  covering  it  with  from  4  to  6  inches  of  clay  or 
loam,  upon  which  a  thin  layer  of  2  or  3  inches  of  rather  coarse 
gravel  is  placed.  The  clay  bed  should  be  formed  with  a  crown  of 
1  inch  per  foot.  Under  the  influence  of  rain  and  the  traffic  the 
gravel  will  be  worked  into  the  clay,  forming  a  uniform,  compact 
mass,  which  will  resist  well  the  washing  or  scouring  effects  of  water. 
All  ruts  should  be  filled  as  soon  as  they  begin  to  show  themselves. 

780.  Straw,  marsh-grass,  sorghum  waste,  and  the  like,  placed  on 
sandy  roads  will  prove  beneficial.  It  is  not  necessary  to  turnpike 
sandy  roads;  but  little  levelling  or  grading  is  necessary.  The 
growth  of  grass  and  trees  should  be  encouraged,  as  wet  sand  is 
better  than  dry. 

781.  Gravelly  soils  or  layers  of  gravel  on  either  a  sandy  or 
clayey  foundation  make  good  roads.  When  placed  on  a  sandy 
foundation,  a  layer  of  clay  should  be  used  with  it  as  above  de- 
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scribed ;  when  used  on  a  clayey  foundation^  it  will  get  all  the  clay 
required.  Before  placing  the  layers  of  gravel  the  foundation 
should  be  rolled  and  properly  crowned.  Each  layer,  not  exceeding 
3  or  4  inches  in  thickness,  should  be  rolled  or  travelled  over,  after 
which  another  layer  may  be  placed  and  treated  in  the  same  way,  so 
that  it  may  be  packed  from  the  bottom,  and  not  simply  compacted 
on  top  with  a  layer  of  loose  material  below. 

782.  Boads  on  clayey  soils  must  be  thoroughly  drained.  A 
crowning  of  1  inch  in  20  is  usually  suflBcient.  They  should  be 
ploughed  and  harrowed  so  as  to  make  the  surface  homogeneous  and 
uniform.  A  road  machine  can  be  made  to  do  good  work  if  properly 
handled,  but  is  likely  to  make  the  side  slopes  too  steep  with  a  ridge 
of  soft  earth  in  the  centre.  After  being  worked  and  shaped,  roll 
the  surface  well,  using  heavy  rollers.  The  surface  should  be  even, 
and  rolled  down  hard. 

783.  Drains. — When  the  surface  of  the  ground  is  level,  one 
drain  on  each  side  will  be  required.  In  many  cases  open  ditches 
will  answer  every  purpose,  and  are,  of  course,  less  expensive.  If 
there  is  found  a  tendency  to  scour  in  the  ditches,  undermining 
its  sides,  the  only  remedy  is  to  pave'  them  with  any  kind  of  rough 
stone  available.  Such  a  pavement  is  comparatively  inexpensive, 
and  will  prove  ultimately  to  be  economical.  Sodding  will  answer 
the  same  purpose,  or  the  sides  of  the  roads  and  gutters  may  have 
grass-seed  sown  on  them.  The  gutters  in  such  cases  may  be  made 
rather  broad  and  shallow.  In  heavy,  stiff  soils  cross-drains  of 
broken  stone  covered  over  may  be  necessary  to  insure  the  water 
passing  freely  to  the  side  drains,  and  in  some  cases  a  centre  drain 
may  be  required,  filled  with  broken  stone  and  covered  over.  Where 
a  centre  drain  is  required,  with  or  without  side  drains,  the  imper- 
vious soil  should  slope  towards  the  drain.  In  this  case  the  neces- 
sary rise  or  crowning  must  be  made  with  the  covering  material. 

Covered  drains  where  used  may  be  made  by  placing  rough  stone 
in  the  bottom  of  the  trench,  which  should  be  from  2  to  3  or  more 
feet  deep,  or  common  tile  or  vitrified  pipes  laid  witli  open  joints 
may  be  used.  Over  these  small  broken  stone  or  a  rather  coarse 
gravel  should  be  placed,  filling  the  trench  to  the  top.  The  pipe 
should  be  laid  true  to  the  proper  grade.  If  any  sag  occurs  it  will 
fill  up  and  choke  the  pipe.  These  drains  must  lead  to  some  water- 
course or  to  the  surface  of  the  ground  at  some  point  from  which  it 
will  flow  freely  and  readily  away  from  the  lowest  point  of  the  road. 

Ordinary  earth  roads  thus  constructed   will  amply  repay  all 
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money  expended  on  them,  and  will  secure  fairly  good  roads  through- 
out the  year.  The  first  cost  will  be  greater  than  that  now  expended 
in  what  is  called  opening  or  constructing  new  roads,  which  are  mere 
excuses  for  roads,  and  are  sources  of  endless  inconvenience,  discom- 
fort, and  expense,  and  prove  ultimately  more  costly  than  properly 
constructed  roads.  If  a  whole  road  or  system  of  roads  cannot  be 
properly  constructed  at  once,  let  at  least  a  part  of  it  be  so  con- 
structed. The  great  benefits  and  advantages  derived  will  soon 
convince  the  people  that  it  is  the  part  of  wisdom  to  improve  all 
portions  rapidly. 

784.  Road  Coverings. — The  above-described  road  constnictions 
apply  principally  to  the  ordinary  or  dirt  roads,  but  thus  prepared 
they  are  in  good  shape  and  condition  for  a  covering  of  hard 
material.  This  covering  has  to  serve  the  double  purpose  of  form- 
ing a  solid  and  impervious  surface,  thereby  keeping  the  water  from 
the  foundation  below,  and  also  of  forming  a  surface  which,  afford- 
ing a  good  and  firm  foothold  for  the  teams,  will,  by  its  smoothness, 
permit  loaded  vehicles  to  be  hauled  over  it  with  the  least  expendi- 
ture of  power. 

The  materials  which  may  be  employed  to  secure  a  water-tight 
and  solid  covering  are  gravel,  broken  stone,  and  stone  or  brick  pave- 
ments. The  material  to  be  used  should  be  selected  by  consider- 
ing the  volume  and  character  of  the  traffic  ;  the  comparative  cost, 
including  both  the  first  cost  of  construction  and  the  annual  and 
permanent  cost  of  repairs  and  maintenance — the  latter  estimated 
against  the  interest  on  the  increased  cost  of  the  better  material  and 
methods  of  construction. 

Stone  or  brick  pavements  are  used  only  in  cities  or  in  very 
thickly  settled  districts.  For  country  roads  in  general  we  must 
rely  mainly  on  gravel  or  broken  stone,  and  in  many  sections  of  the 
country  but  little  opportunity  will  be  given  to  choose  between  the 
two,  as  both  will  not  be  found  in  sufficient  quantities  for  extended 
road  improvements. 

785.  If  gravel  is  hauled  in  carts  or  wagons,  and  simply  dumped 
on  a  roadway,  the  coarser  pieces  will  roll  down  to  the  outer  edges 
of  the  heap,  while  the  finer  will  collect  at  the  centre.  The  result 
will  be  a  roadway  wanting  in  uniformity,  both  as  regards  smooth- 
ness and  compactness.  It  is  therefore  advisable  to  screen  the  mix- 
ture into  three,  or  at  any  rate  into  two,  grades.  The  larger  should 
be  spread  into  a  layer,  the  smaller  and  finer  into  a  layer  over  the 
first,  thereby  filling  the  voids  and  binding  the  whole  together;  and 
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if  this  is  then  well  rolled,  a  much  better  roadway  will  be  secured  at 
only  slightly  greater  cost. 

786.  Too  much  sand  is  a  disadvantage  rather  than  an  adyan- 
tage  in  the  gravel  for  road-making.  The  best  gravel  for  the  pur- 
pose consists  of  angular  fragments  of  stone  of  varying  sizes,  and  a 
fine  stone  dust,  with  a  small  quantity  of  clay,  in  the  shape  of  fine 
powder.  If  the  larger  stones  be  removed  entirely,  the  remaining 
materials,  if  properly  laid,  will  make  an  excellent  road  for  a  some- 
what light  traffic.  This  gravel  is  found  in  banks  more  or  less  diffi- 
cult to  work.  Of  the  rounded  water- washed  gravel,  that  which  has 
an  e3:cess  of  quartz  in  any  shape  is  not  so  valuable,  as  it  is  very 
brittle,  and  does  not  give  a  good  bond. 

A  slaty  gravel  makes  a  better  road  than  the  harder  quartz,  as 
sufficient  powder  will  be  formed  by  the  action  of  wheels  to  bond 
the  whole  together  and  form  a  smooth  surface.  It  should  always 
be  recollected  that  in  order  to  make  a  good  road  of  gravel  it  must  be 
placed  in  layers,  the  sizes  of  the  pieces  in  each  layer  being  as  uni- 
form as  possible,  the  coarser  placed  at  the  bottom  and  the  finest 
in  the  top  layer.  If  it  cannot  be  rolled,  then  it  is  necessary  to  keep 
all  ruts  filled  as  fast  as  they  may  be  formed;  for  if  the  mass  be- 
comes firm  and  compact,  with  ruts  existing,  it  will  be  difficult  to 
form  a  good,  even  surface. 

787.  For  broken-stone  roads,  stones  of  a  hard  and  tough  char- 
acter should  be  selected.  Hornblende-granite  or  syenite  makes  a 
good  road.  Some  of  the  conglomerates,  amygdaloids,  and  felsites 
are  suitable.  Slates,  sandstones,  schists,  and  the  like  have  but  little 
value  for  road-making  purposes.  The  same  may  be  said  of  mica- 
ceous granites.  Trap-rock  meets  all  of  the  requirements  of  good 
roads  better  than  any  other  kind  of  stone.  Any  of  the  above  are, 
however,  to  be  preferred  to  mud. 

788.  To  recapitulate:  First  make  a  firm  bed;  lay  the  stone  on 
this  in  layers,  each  separate  layer  composed  of  nearly  equal-sized 
fragments;  roll  each  layer;  use  stone-dust  or  good  gravel  for  a 
binder,  using  only  water  enough  to  facilitate  the  forcing  of  the  dust 
into  the  voids.  Do  not  use  any  clay  or  loam  with  the  stone,  as 
either  material  absorbs  water  and  destroys  the  bond,  and  makes 
mud  in  wet  weather  and  dust  in  dry  weather.  On  sandy  or  gravelly 
soil  the  layer  of  large  stone  at  the  bottom  may  be  omitted,  nor  is  it 
necessary  to  use  as  thick  layers  of  the  smaller  stones.  This  may 
be  laid  direct  on  the  sand  to  a  depth  of  from  4  to  6  inches  with 
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good  results.     This  depth  must  depend  upon  the  kind  and  volume 
of  traffic. 

CONSTRUCTION   OF   ROADS  OVER  SWAMPS. 

789.  Many  soils  called  swampy  are  capable  by  proper  drainage 
of  becoming  firm.  This  may  be  effected  by  open  drains  or  subsoil 
drains^  conveying  the  water  to  some  near  watercourse,  or  carrying 
it  clear  of  the  section  to  be  drained. 

'  But  swamps  referred  to  in  this  place  are  not  supposed  to  admit 
of  such  treatment,  either  on  account  of  the  extensive  and  costly 
system  of  drains  required,  or  the  fact  that  they  are  but  little,  if  any, 
above  the  surface  of  the  adjacent  watercourses,  and  are  conse- 
quently in  a  state  of  continuous  saturation,  often  to  an  unknown 
depth.  There  are  but  two  general  solutions  to  such  problems:  (1) 
To  construct  a  permanent  way,  regardless  of  the  cost,  similar  to 
that  required  for  railway  structures,  such  as  dumping  sand,  gravel, 
or  broken  stone  along  the  line,  until  a  firm  and  solid  roadway  is 
formed ;  or  the  construction  of  a  trestle-work.  (2)  To  construct 
some  form  of  road-bed,  floating,  as  it  were,  on  the  soft  and  yielding 
material,  spreading  the  bearing  surface  until  the  unit  pressure  is 
not  greater  than  the  bearing  resistance  of  the  material. 

This  can  be  effected  in  a  variety  of  ways.  (1)  By  the  simple 
corduroy-road,  which  consists  of  a  series  of  small  trees  or  logs,  as 
straight  as  can  be  obtained,  and  from  two  to  three  times  the  width 
between  the  wheels  in  length,  laid  close  together,  and  at  right 
angles  to  the  axis  of  the  road.  These  logs  may  be  round,  or,  if  of 
sufficient  size,  they  can  be  split  before  laying.  Tbis  necessarily 
makes  a  rough  and  uneven  road-bed,  but  very  cheap,  when  suitable 
timber  is  convenient.  But  it  is  often  resorted  to  as  a  temporary 
expedient.  A  grillage  made  of  two  or  three  courses  of  different- 
sized  sticks,  carefully  laid  and  bound  together,  can  be  built  into  a 
fairly  good  road-bed,  and  if  covered  with  brush  or  marsh-grass,  over 
which  is  placed  a  layer  of  dirt,  a  very  satisfactory  road  can  be  con- 
structed. 

In  many  of  the  extensive  swamps  of  the  Southern  States  the 
swamp  is  covered  with  a  crust  or  matting  of  roots  of  the  cane  or 
undergrowth.  This  crust  is  capable  of  bearing  considerable  loads 
when  distributed  over  logs,  planks,  or  even  brush.  The  surface, 
however,  is  uncertain  and  treacherous,  owing  to  weak  spots  or 
j)laces  in  the  crust;  but  with  a  little  care  almost  any  of  the  above- 
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mentioned  expedients  will  enable  vehicles  to  pass  over  in  safety. 
A  very  satisfactory^  convenient^  and  cheap  method  is  adopted  in 
the  swamps  around  and  near  Mobile.  A  number  of  sawmills  haye 
been  established  on  the  river-bank^  access  to  which  has  been  made 
safe  and  convenient^  both  for  highways  and  branch  railways,  by 
spreading  a  broad  layer  of  sawdust  and  other  mill-waste  to  the  depth 
of  three  or  more  feet.  This  forms  a  springy,  and  rather  spongy 
road-bed,  but  will  carry  safely  heavy  loads  at  slow  speeds.  The 
sawdust  gradually  sinks  into  the  swamp,  and  requires  refilling  on 
top  to  maintain  the  grade.  It  seems  to  keep  constantly  wet,  absorb- 
ing and  drawing  up  the  water  from  the  marshy  soil.  The  material 
will'  doubtlessly  on  this  account  be  durable.  The  construction 
costs  little  beyond  that  of  hauling  the  sawdust  from  the  mills. 

In  the  West  piles  of  logs  are  placed  at  intervals  on  the  swamp 
and  burnt  to  charcoal,  which  is  then  spread  over  the  surface  to  the 
depth  of  one  or  two  feet,  and  has  been  found  to  give  a  good, 
durable  road-bed. 

It  would  seem  always  economical  and  safer  to  place  a  layer  of 
logs  or  waste  planks  directly  on  the  swamp,  covering  this  with 
small  brush  or  marsh-grass,  and  upon  this  placing  the  covering 
material,  whether  earth,  charcoal,  or  sawdust,  as  this  will  prevent 
extended  and  unequal  sinking  in  places,  thereby  destroying  or 
materially  impairing  the  road-bed. 

790.  Paved  Roads, — Simply  for  convenience,  the  term  paved 
roads  will  include  all  kinds  of  roads  upon  which  any  kind  of  cov- 
ering, to  obtain  a  smooth,  hard,  and  firm  road  surface,  is  placed, 
without  regard  to  the  character  of  the  materials  or  methods  of 
construction;  that  is,  as  distinguished  from  the  common  or  dirt 
roads  already  described.  The  earthy  material  in  those  cases  was 
used  to  form  the  road-bed  or  surface.  Now  we  are  to  consider  these 
same  and  other  materials  simply  as  forming  a  foundation  upon 
which  to  place  and  support  the  road  covering. 

Macadam  and  Gravel  Roads. — Although  broken-stone  and 
gravel  roads  may  be  used  either  for  city  or  country  purposes,  they 
are  now  about  the  only  kinds  of  covering  that  are  used  for  country 
roads,  and  will  therefore  be  described  under  the  head  of  Couktby 
Roads. 

791.  Foundations. — Whatever  may  be  the  covering  or  roail- 
surfacing  material,  and  whatever  may  be  the  cost  of  this  surfacing, 
roads  possessing  permanence,  stability,  and  cheapness  of  mainte- 
nance can  only  be  secured  by  means  of  good  foundations.    With 


CONSTRUCTIOK  OF   HIGHWAYS.  875- 

these  secured  the  condition  of  the  road  surface  will  depend  upon  the 
material  used  and  the  manner  of  placing  it.  The  following  con- 
ditions are  necessary  to  be  complied  with  in  forming  good  foun- 
dations : 

(1)  The  entire  removal  of  all  vegetable,  perishable,  and  soft  and 
weather-worn  materials. 

(2)  The  thorough  compacting,  by  rolling  or  otherwise,  of  the 
bed  of  natural  soil  thus  prepared,  so  as  to  form  a  uniform  and  firm 
bed,  conforming  more  or  less  closely  to  the  transverse  curve  of  the 
finished  road-bed. 

(3)  Efficient  surface  drainage,  and  when  necessary  subsurface 
drainage. 

The  labor,  cost,  and  difficulty  in  complying  with  the  above  con- 
ditions, and  necessary  modifications  of  them,  will  depend  entirely 
upon  the  character  of  the  natural  soil. 

Sand  and  gravel  soils  which  permit  of  the  free  passage  of  water 
present  no  difficulty  and  require  no  precautions  beyond  those 
already  described  for  sand  roads.  They  give  naturally  secure  and 
solid  foundations. 

Clayey  soils,  on  the  contrary,  as  well  as  mixed  soils  which  retain 
water,  offer  the  greatest  difficulties.  And  although,  when  prop- 
erly surfaced  and  compacted,  fairly  good  broken-stone  roads  may 
be  secured  by  sufficiently  draining  the  clay  bed  by  means  of  open 
transverse  tile-drains  or  even  shallow  trenches  filled  with  broken 
stone,  leading  with  sufficient  slope  into  the  sicle  ditches,  and 
the  bed  then  covered  with  layers  of  broken  stone,  yet  the  best 
roads  on  a  clay  bed  can  only  be  secured  by  excavating  to  a  depth  of 
18  to  20  inches  below  the  finished  road  surface,  and  placing  over 
this  a  layer  of  sand,  shells,  slag,  cinders,  etc.,  of  such  thickness  as 
will  permit  of  the  road  covering,  after  being  rolled  or  compacted, 
bringing  the  whole  to  the  proper  surface.  The  bed,  the  filling,  or 
foundation  and  covering  should  all  be  compacted  separately.  With 
many  if  not  all  of  these  filling  materials  more  or  less  water  will 
find  its  way  to  the  clay  bed,  and  to  that  extent  offer  the  same  ob- 
jection as  to  placing  the  broken  stone  directly  on  the  clay.  But 
when  placed  in  layers  of  not  over  4  inches  in  thickness  and  rolled, 
three  such  layers  will  reduce  under  10-ton  rollers  to  8  inches,  the 
compactness  thus  secured,  especially  with  slag,  will  retard  the  fiow 
of  water  through  them  and  the  working  up  of  the  slag  into  the  layer, 
both  of  which  conditions  will  occur  if  only  broken  stones  of  usual 
sizes  are  placed  on  the  bed. 
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However,  on  country  roads,  either  the  broken  stone  will  be  laid 
directly  on  the  clay,  or  at  best  an  intermediate  layer  of  sand,  slag, 
cinders,  etc.,  only  will  be  ayailable  in  certain  localities.  With  effi- 
cient drainage  fairly  good  roads  can  be  secured  in  either  case, 
especially  the  latter. 

792.  Broken-stone  Roads, — There  are  two  general  types  of 
broken-stone  roads,  namely,  the  telf ord  and  macadam.  The  prepa- 
ration of  the  foundation-bed  is  essentially  the  same  in  both. 

Telford  Road. — Upon  a  graded  bed  a  layer  of  stone  about  8 
inches  in  thickness  is  laid  by  hand.  The  stones  are  set  on  the  largest 
face,  and  with  the  longest  dimension  transversely  to  the  line  of 
road,  the  breadth  of  the  upper  edge  not  being  over  4  inches.  The 
open  spaces  between  the  stones  are  filled  with  chips,  forced  in  tightly 
with  a  light  hammer.  This  fornds  a  solid  stone  course  over  either 
a  part  or  the  whole  surface,  the  upper  surface  of  which  has  the 
proper  convexity.  In  the  telford  proper  this  curve  is  obtained  by 
using  thicker  stones  near  the  centre,  getting  thinner  towards  the 
sides,  and  only  a  portion  of  the  base  is  thus  covered,  the  crowning 
being  about  4  inches  in  the  breadth  of  15  feet  from  the  centre. 
The  middle  18  feet  of  the  roadway  is  covered  with  hard  stones  to  the 
depth  of  6  inches.  First  a  layer  of  4  inches  is  laid  and  opened  to 
traffic.  After  this  has  been  compacted  by  vehicles  and  horses,  rats 
being  filled  as  formed,  the  second  layer  of  3  inches  is  placed. 
These  stones  are  broken  as  nearly  cubical  as  possible,  and  the  largest 
dimension  not  cTver  2^  inches.  On  each  side  of  the  middle  18  feet  a 
filling  of  broken  stone  or  gravel  is  placed;  the  thickness  of  this  is 
regulated  so  that  the  total  crowning  will  be  6  inches.  Over  the 
entire  surface  thus  formed  is  spread  a  layer  of  clean  gravel  l\ 
inches  thick,  which  serves  as  a  binder.  A  half  section  of  snch  a 
road  is  seen  in  Fig.  298(a).  There  is  much  labor  and  expense 
connected  with  the  construction  of  this  type  of  road. 

A  modified  form  of  this  road  is  constructed  by  placing  on  the 
large  stone  layer  a  course  of  stones  not  exceeding  3  inches  in  size, 
and  rolled.  This  is  covered  with  a  layer  of  sand  ^  inch  thick,  and 
rolled;  over  this  a  layer,  of  stones  not  exceeding  2  inches  in  any 
dimension,  about  4  inches  thick  is  placed  and  rolled;  this  is  fol- 
lowed with  another  layer  of  sand,  also  rolled ;  and  finally  another 
layer  of  clean,  sharp  sand  is  laid  and  rolled  until  a  firm  smooth 
surface  is  obtained.     The  surplus  sand  is  then  swept  off. 

793.  The  Modern  Macadam  Road  is  constructed  as  just  de- 
scribed for  the  modern  telford  road,  omitting  the  lower  course  of 
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large  stone^  the  total  depth  of  broken  stone  Tarying  from  4  to  12 
inches  in  thickness^  laid  and  rolled  in  layers  as  described. 

Among  the  advantages  of  broken-stone  roads  of  any  kind  may 
be  mentioned—- 
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Figs.  298. 

(1)  Comparatively  low  first  cost;  (2)  freedom  from  noise;  (3) 
easy  traction  when  in  good  condition;  (4)  good  foothold  for 
animals. 

Among  the  defects  (1)  muddy  in  wet  weather;  (2)  dusty  in  dry 
weather;  (3)  diflSculty  of  keeping  the  surface  clean;  (4)  and  rela- 
tively high  cost  of  maintenance. 

Broken-stone  roads,  whether  telford  or  macadam^  when  placed 
directly  on  a  clay  soil,  are  likely  to  become  rather  poor  roads  on 
account  of  the  surface  water  reaching  the  clay.  The  mud  thus 
formed  will  be  certain  to  rise  and  fill  the  voids,  the  stones  settling 
and  sinking  into  the  clay.  Much  of  the  stone  will  be  reduced  to  a 
powder  under  the  traffic,  thus  forming  mud  in  wet  weather  and 
dust  in  dry  weather.  But  by  carefully  observing  the  rules  already 
given  the  macadam  road  will  be  found  satisfactory  for  country 
roads.  If  a  layer  of  sand  or  gravel  is  placed  over  the  clay,  while 
adding  to  the  cost,  it  will  go  a  long  way  in  giving  excellent  results. 
The  broken  stone  should  not  be  screened.  The  hardest  stones  are 
not  the  best :  a  judicious  mixture  of  hard  and  soft  stones  are  pre- 
ferred. The  binding  sand  or  gravel  should  contain  no  loam  or 
clay.  The  stones  should  not  be  too  large.  Too  much  binding 
material  and  an  excessive  amount  of  water  in  rolling  are  injurious. 
Thorough  rolling  is  essential.  (See  Pigs.  298  (J)  and  (c),  transverse 
sections.) 

794.  Quality  of  the  Stones. — It  may  be  stated  generally,  that 
for  country  roads  the  stones  used  will  necessarily  be  of  the  kinds 
and  qualities  found  in  the  locality,  and  that,  whether  good  or  bad. 
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the  roads  will  be  benefited  by  the  judicious  and  liberal  use  of  them, 
though  giving  only  a  poor  equivalent  for  the  labor  and  money 
expended  in  many  cases.  When,  however,  a  choice  is  made,  the 
stones  should  be  hard  and  tough,  and  capable  of  resisting  the  dis- 
integrating action  of  the  weather. 

The  hardest  stones  are  not  necessarily  the  best.  Igneous  and 
siliceous  stones,  though  hard  and,  it  may  be,  tough,  do  not  consoli- 
date well,  the  sandy  material  produced  by  rolling  or  by  the  traffic 
having  little  value  as  a  binder.  With  limestones,  while  neither  so 
hard  nor  tough,  the  rolling  or  traffic  produces  a  material  possessing 
good  qualities  as  a  binder.  Such  roads,  with  good  constructiou 
and  proper  cr^ss-section,  will  be  practically  impervious  to  water, 
will  not  disintegrate  so  rapidly,  and  will  wear  better  than  many 
harder  varieties  of  stone.  A  hard  stone  without  toughness  will  be 
so  brittle  that  it  crushes  to  powder  under  heavy  loads. 

Basalt  or  trap  and  granites  of  the  best  quality — that  is,  the 
syenites — are  considered  the  most  efficient  rocks  and,  ultimately, 
the  most  economical.  Granites  containing  much  mica  and  gneiss 
break  up  and  wear  away  rapidly.  "  The  carboniferous  and  transi- 
tion limestones  are  fairly  durable,  and  make  smooth  and  ple-asant 
roads  for  light  traffic  and  pleasure  drives.  The  quartzose  grits 
and  siliceous  grits  mixed  with  limestones  form  excellent  roads." 
Slates  make  an  inferior  road :  they  either  crumble  and  disintegrate, 
or  form  mud. 

Kiver  and  field  stone  have  been  used.  They  make,  usually,  a 
rough  road,  and  wear  irregularly. 

795.  The  rock  is  broken  for  road  purposes  either  by  hand  or 
by  machinery.  The  fragments  should  be  as  nearly  cubical  as  pos- 
sible. The  greatest  dimension  for  granite  or  trap  stones  should 
not  exceed  1^  inches;  for  limestone,  2  inches.  The  smaller-sized 
stones  compact  better,  require  less  binding  material,  and  form  a 
smoother  surface.     All  sizes  below  the  maximum  are  admissible. 

Hand-broken  stones  are  much  better  in  many  respects;  but  the 
great  saving  in  cost  and  the  increased  daily  output  have  led  to  the 
extended  use  of  crushing-machines.  The  two  general  types  of 
crushers  are:  (1)  Those  which  crush  the  stone  against  a  fixed 
block  by  blows  or  pressure  from  a  hinged  lip  or  arm,  such  as  the 
Blake  crusher,  of  which  there  are  many  designs;  and  (2)  by  a 
crushing  or  grinding  pressure  between  a  hollow  conical  surface  in 
which  turns  a  solid  mass  of  iron  having  ribbed  or  corrugated 
surfaces,  such  as  the  Gates  crusher.     The  cost  of  crushers  varies 
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from  t200  to  17000,  according  to  capacity  and  eteam-power  re- 
quired. The  price  of  any  required  crusher  can  be  readily  obtained 
from  the  manufacturer. 

796.  The  cost  of  quarrying  and  crushing  stone  varies  greatly, 
according  to  kind,  quality,  and  lay  of  stone  in  the  quarry,  and  may 
be  taken  as  extreme  limits  at  from  80  cents  to  tl.50  per  cubic  yard. 
Cost  of  hauling  must  be  added. 

797.  The  quantity  of  broken  stone  required  per  unit  of  length 
Taries  with  the  width  of  the  road  and  thickness  or  depth  of  cover- 
ing. The  width  varies  from  8  to  60  feet,  the  thickness  from  4  to 
16  inches.  This  depends  upon  the  traffic  and  grade  of  road.  For 
^ades  flatter  than  1  in  100,  10  inches  thick;  from  1  to  4  per  100, 
8  inches;  and  over  4  in  100,  6  inches;  many  roads  having  only  a 
thickness  of  4  inches  of  broken  stone.  Over  such  roads  loads  aver- 
aging 6000  pounds  have  been  hauled,  and  ordinary  teams  hauling 
a  net  load  of  3000  pounds. 

In  other  cases  from  4  to  6  inches  have  not  proved  satisfactory. 
This  was,  no  doubt,  due  to  bad  construction,  unrolled  and  undrained 
foundation-beds,  and  unrolled  stone  layers.  Layers  of  such  thick- 
nesses on  sand  beds  or  good  layers  of  sand  or  gravel  over  the  natu- 
ral soil  will  provide  a  fine  and  lasting  surface. 

The  thickness  of  covering  is  that  after  compacting  and  rolling. 
The  volume  after  rolling  may  be  taken  at  from  two  thirds  to  three 
fourths  of  the  loose  volume.  If,  then,  we  wish  to  know  the  num- 
ber of  cubic  yards  of  broken  stone  required  to  give  a  finished  road  9 
inches  in  thickness,  the  unrolled  thickness  will  be  f  X  9  =  12  inches. 
A  road-bed  16  feet  wide  would  require  16  cubic  feet  per  foot  of 
length,  or  16  X  5280  -r-  27  =  3130  cubic  yards  per  mile.  Or  divide 
36  by  the  thickness  (|f  =  3),  this  gives  the  number  of  square  yards 

covered  by  one  cubic  yard,  or  per  mile =  9390  square 

yards,  and  ^^  =  3130  cubic  yards.  The  finished  road  will 
contain  about  2350  cubic  yards,  including  the  necessary  quantity 
of  binding  material,  which  will  be  from  20  to  25  per  cent  of  this 
volume.  Whether  this  is  the  crushed  stone  itself  or  is  added  in 
the  form  of  sand  or  gravel  will  depend  upon  the  kind  of  stone, 
manner  of  breaking,  etc.  If  sand  or  gravel  is  to  be  added,  it 
should  not  be  mixed  with  the  stone,  but,  after  rolling  a  layer  of 
three  or  four  inches  of  stone,  it  is  spread  over  the  layer  and  rolled 
into,  aided  bv  the  use  of  brooms  and  water. 

798.  The  binding  material  is  essential  to  the  proper  consolida- 
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tion  of  the  broken  stone,  and  necessary  to  secure  an  impervions, 
firm,  and  stable  surface.  A  little  clay  or  earth  is  sometimes  used, 
with  sand  or  fine  gravel  binders.  An  excess  of  clay  is  sure  to  form 
mud  and  defeat  the  purpose  of  the  binder.  Water,  when  applied, 
should  be  by  the  use  of  a  sprinkler. 

799.  Boiling  saves  wear  and  tear  of  horses  and  vehicles.  Al- 
though after  long  use  a  fairly  good  consolidation  may  be  effected 
by  the  traffic,  yet  such  roads  will  become  soft  and  muddy  in  wet 
weather  and  dusty  in  dry  weather.  AVhile  to  a  certain  extent  this 
will  be  the  case  when  rolled,  these  effects  are  greatly  reduced. 
Rollers  are  made  varying  from  3  to  20  tons  in  weight.  Such  rollers 
cost  from  1150  to  1100  per  ton  of  weight.  A  10-ton  roller  weighs 
only  about  450  pounds  per  linear  inch,  whereas  the  weights  from 
wheels  of  vehicles  may  be  as  much  as  800  to  1000  pounds  per  inch. 
This  indicates  the  advantage  of  heavy  rollers. 

Steam-rollers  are  preferable  to  those  drawn  by  teams.  Steam- 
rollers are  the  cheapest  in  the  end,  enable  more  rapid  construction, 
require  less  stone,  and  give  a  better  road  surface.  Rollers  with  one 
ribbed  roller  in  front,  followed  by  a  roller  with  a  smooth  snrface, 
are  effective,  and  better  than  those  commonly  used. 

The  rolling  of  broken-stone  roads  is  of  the  greatest  importance. 
The  layers  should  be  about  4^  inches  thick.  The  sides  should  be 
first  rolled,  and  made  so  firm  that  when  the  rollers  pass  over  the 
crown  or  centre  the  spreading  of  the  stones  laterally  will  be  pre- 
vented, and  the  compacting  more  effectively  secured.  The  rolling 
should  be  continued  until  the  stones  cease  to  creep  or  sink  under 
the  roller,  and  the  surface  is  smooth  and  hard.  Cost  of  rolling 
varies  from  2  to  14  cents  per  square  yard.  The  cost  of  telford 
roads  varies  from  $9000  to  $12,000  per  mile;  the  cost  of  macadam 
roads  from  $3000  to  $5000  per  mile.  The  cost  per  square  foot  of 
surface  varies  from  50  cents  to  $1.25  for  macadam  and  $1.70 
for  telford. 

800.  Wear  of  Broken-stone  Roads. — The  wear  of  poorly  con- 
structed roads  is  necessarily  very  great,  and  cannot  properly  be 
charged  to  maintenance.  The  deterioration  of  roads  arises  from 
three  main  causes — action  of  atmosphere,  wheels,  and  horses'  feet, 
the  latter  being  the  greatest  and  the  former  the  least.  It  varies 
with  the  quantity  and  character  of  the  traffic  for  roads  constructed 
in  the  same  manner  and  of  the  same  kind  of  materials.  The  new 
material  required  annually  is  on  an  average  about  70  cubic  yards 
per  mile,  caused  by  legitimate  wear  only.     Before  applying  new 
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material  the  old  surface  should  be  broken  in  shallow  transverse 
grooves,  not  over  2  inches  deep,  at  intervals  of  from  4  to  6  inches, 
the  new  layer  spread  and  then  rolled.  Wet  or  damp  weather  is  the 
best  time  to  repair,  but  when  water  is  convenient  any  but  cold  or 
freezing  weather  is  suitable. 

The  cost  of  maintenance  will  vary  from  6  to  50  cents  per  square 
yard  per  annum. 

The  rise  of  crowning  of  broken-stone  roads  is  about  1  in  60. 

Cross-sections  of  broken-stone  roads,  with  several  kinds  of  side 
drains,  are  shown  in  Pigs.  298  (a),  (ft),  and  (c). 

800^.  Gravel  Roads. — Boad  coverings  of  gravel  make  good  and 
serviceable  roads.  The  same  remarks  apply  in  regard  to  the  selec- 
tion of  the  gravel  as  were  made  in  regard  to  broken  stone — namely, 
that  kind  of  gravel  found  in  the  locality  will  have  to  be  used  in  the 
construction  of  roads,  even  though  but  a  poor  equivalent  for  the 
money  expended  be  obtained.  Rounded  gravel,  such  as  is  obtained 
from  seashores  or  rivers,  does  not  make  a  good  road,  even  when 
mixed  with  the  usual  binding  material,  as  no  efficient  mechanical 
hold  or  bond  can  be  made  and  maintained  throughout  the  mass. 
Such  a  surface  is  loosened  and  the  pieces  worked  out  both  by  the 
action  of  the  traffic  and  the  weather.  If,  however,  about  one  half 
this  gravel  is  broken  into  angular  fragments  and  mixed  with  the 
other  half,  and  this  mixture  with  about  one  eighth  of  its  volume  of 
clay, —sand  is  unsuitable, — the  mass  can  be  well  compacted  and  a 
good  road  obtained. 

Pit  gravel  usually  contains  too  much  earthy  matter,  and  re- 
quires screening  through  a  netting  of  small  meshes  to  get  rid  of  a 
portion  of  the  earthy  material,  and  all  pieces  over  about  1|  inches 
in  diameter  should  be  either  broken  or  removed  by  means  of  a 
screen  with  large  meshes. 

A  ferruginous  clay  is  considered  the  best  binding  material.  Clay 
in  wet  weather  forms  mud,  and  in  dry  weather  cracks,  resulting  in 
a  loose  surface. 

Constructing  Gravel  Roads. — The  soil  must  be  excavated, 
rolled,  and  otherwise  prepared  by  sufficient  provision*  for  drainage, 
as  already  described.  Then  a  layer  of  the  prepared  gravel,  not 
over  4  inches  in  thickness,  is  spread  uniformly  over  the  proper 
width,  and  rolled  with  a  roller  weighing  not  less  than  2  tons,  having 
a  weight  per  linear  inch  of  150  pounds  or  more.  The  rolling  should 
be  continued  until  the  gravel  ceases  to  creep  or  rise  in  front  of  the 
roller.     The  surface  should  be  moistened  by  sprinkling  in  advance 
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of  the  roller.  It  is  not  well  to  use  too  much  water.  Successive 
layers  are  thus  treated  until  the  proper  thickness  is  obtained.  It 
is  not  recommended  to  place  layers  of  stones  having  large  dimen- 
sions at  the  bottom  and  smaller  sizes  in  the  top.  Each  layer  before 
rolling  should  be  a  mixture  of  the  several  sizes. 

The  repairs  of  gravel  roads  should  be  kept  up  continuonsly^ 
filling  ruts  when  first  formed  by  raking  any  loose  gravel  into  them. 
When  new  material  is  added  it  is  better  to  apply  it  in  thin  layers  of 
2  to  24  inches  than  in  one  thick  layer. 

Gravel  roads  cost  from  15  to  75  cents  per  square  yard,  which  will 
be  from  $700  to  $2000  per  mile,  according  to  width  of  road,  etc. 


EXTRACTS   FROM  THE   SPECIFICATIONS  FOR  THE   CONSTRUCTION  OF 

THE   HUDSON   COUNTY   BOULEVARD. 

801.  Fills. — All  fills  shall  be  made  with  good,  clean  material,  and 
shall  be  deposited  in  layers,  the  full  width  of  the  portion  of  the 
road,  not  exceeding  6  inches  in  thickness,  and  compacted  by  horses 
and  vehicles  before  placing  another  layer.  The  best  material  shall 
be  reserved  for  the  top  layer. 

Excavation  and  Surfacing, — Where  there  is  a  surplus  of  clayey 
soil  in  excavations,  a  supply  of  clean  sand  or  gravel  shall  be  pro- 
'  vided,  of  sHitable  quality  for  paving,  and  shall  be  mixed  with  the 
clayey  surface  as  directed. 

Where  there  is  no  curbing  the  side  slopes  shall  be  1^  to  1. 

RoUifig, — The  surface  of  the  roadway  shall  be  rolled  thoroughly 
with  a  roller  weighing  not  less  than  one  gross  ton  for  each  foot  of 
width  of  face. 

All  soft  or  low  places  shall  be  brought  up  to  proper  surface  in 
thin  layers,  well  rolled.  The  whole  surface  of  the  road  shall  pre- 
sent when  finished  a  hard,  smooth,  uniform  surface,  over  any  part 
of  which  water  will  flow  readily  toward  the  gutters. 

Pipe  Culverts  may  be  either  of  the  best  vitrified  salt-glazed 
pipe,  socket- jointed,  sound,  smooth,  and  perfect  in  shape,  and  laid 
on  1^-inch  plank  to  true  line  and  grades.  Joints  to  be  filled  with 
best  hydraulic  cement  mortar,  one  cement  and  one  sand,  each 
joint  wiped  and  pointed  inside  and  out.  Or  cast-iron  pipes  are  to 
be  used  when  too  near  the  surface,  for  the  full  protection  of  the 
vitrified  pipe. 

Box  Culverts  to  be  built  of  good,  sound  stone  when  required. 
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Ooyering-stones  not  less  than  6   inches  thick,  and  of  sufficient 
length  to  bear  a  foot  on  each  side  wall. 

Waterways  to  be  paved  with  spalls  or  cobblestones. 

Blind  Drains. — Where  subsoil  drainage  is  required  the  drains 
shall  consist  of  large  and  clean  spalls,  the  larger  at  the  bottom  of 
the  trench,  and  topped  o£[  with  the  smaller  stones,  over  which  is 
placed  a  layer  of  salt  hay  or  small  brush,  over  which  is  to  be 
rammed  the  back  filling. 

Paving  Gutters. — Where  there  is  danger  of  wash  the  gutters 
shall  be  paved  with  Belgian  blocks  of  stone.  They  shall  be  paved 
4  feet  wide  with  curb,  and  6  feet  without  curb.  Where  curb  is  set 
the  surface  of  the  paving  shall  conform  to  the  section  of  the  road, 
and  abut  against  the  curb.  Where  no  curb  is  set,  the  paving  shall 
be  turned  up  for  3  feet  of  its  width  on  the  slope.  The  trenches  are 
to  be  excavated  to  a  depth  of  12  inches  below  finished  grade,  and 
filled  with  clean,  sharp  sand  or  gravel,  upon  which  the  blocks  are 
to  be  bedded  and  well  rammed.  After  laying  and  ramming  the 
blocks  a  layer  of  clean,  sharp  sand  or  gravel  shall  be  spread  over 
the  paving,  and  all  interstices  well  filled. 

Curbs. — Curbs  shall  be  of  the  best  bluestone,  not  less  than  4  feet 
long,  20  inches  deep,  and  of  a  uniform  width  of  5  inches.  The 
ends  shall  be  dressed  to  the  depth  of  1  foot,  so  that  the  joints  shall 
not  exceed  f  inch. 

Preparing  Subgrade  for  Paving. — The  street  for  the  full 
width  between  outside  gutter-lin^s  (except  the  space  16  feet  wide 
in  the  middle)  shall  be  excavated  to  a  subgrade  which,  when 
properly  rolled  and  compacted,  shall  be  parallel  to  and  12  inches 
below  grade-line  of  the  cross-section  of  the  finished  roadway. 

All  soft  or  spongy  places  developed  shall  be  removed,  and  their 
places  filled  with  good  material.  The  subgrade  surface  shall  be 
rolled  thoroughly  with  a  roller  weighing  not  less  than  one  gross 
ton  for  each  foot  of  width  of  face.  If  necessary  to  consolidate  and 
pack  the  surface,  it  shall  be  sprinkled  in  advance  of  the  roller.  'No 
ploughing  will  be  allowed  within  4  inches  of  the  subgrade. 

Telford  Foundation. — The  telford  foundation  shall  consist  of 
sound,  hard,  and  durable,  frost-proof  quarry  stone,  and  shall  be 
from  8  to  9  inches  deep,  4  to  8  inches  wide,  and  6  to  14  inches  long. 
They  shall  be  laid  by  hand,  with  their  broadest  edges  down  and 
longest  side  across  the  road,  on  the  subgrade  as  prepared,  the 
courses  breaking  joints.  Between  adjoining  telford  and  gravel  or 
earth  driveway,  a  line  of  stones,  10  inches  deep,  shall  be  laid  parallel 
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to  the  curb-lines.  These  stones^  the  telf  ord  pavings  are  to  be  wedged 
tightly  with  smaller  stones  until  the  whole  surface  is  firmly  wedged 
together.  All  projecting  points  and  edges  are  to  be  broken  off 
with  hammers^  so  that  the  top  of  the  pavement  shall  present  a 
fairly  smooth  and  regular  surface.  This  shall  be  thoroughly  rolled 
with  a  steam-roller  weighing  not  less  than  15  tons,  until  the  whole 
mass  is  firmly  bedded  into  the  earth  subway. 

Macadamizing. — Upon  this  telford  foundation  shall  be  spread 
a  layer  of  close-grained  trap-rock,  broken  to  uniform  size,  not 
wider  than  2^  inches  in  any  dimension.  The  stone  must  be 
free  from  dirt  or  dust,  and  broken  into  fairly  uniform  and  regular 
cubes.  This  layer  shall  be  thoroughly  rolled  with  the  roller  above 
described  for  the  telford  foundation.  It  shall  be  sprinkled  in  ad- 
yance  of  the  roller.  The  thickness  of  this  layer  must  be  such  that 
when  rolled  and  compacted  its  upper  surface  shall  be  1^  inches  be- 
low the  surface  of  the  finished  roadway.  Upon  this  shall  be  spread 
a  layer  of  stone  of  the  same  quality,  of  fairly  uniform  size,  not  over 
1^  inches  on  any  edge.  This  layer  is  to  be  rolled  with  the  same 
roller,  clean,  coarse  trap-rock  screening,  which  would  pass  through 
a  1-inch  screen  being  spread  evenly  in  front  of  the  roller,  aud 
copiously  sprinkled  in  such  quantity  as  shall  be  necessary  to  fill 
all  the  interstices  in  the  broken  stone. 

The  rolling  and  sprinkling  shall  continue,  more  stone  being 
added  if  necessary  until  the  upper  layer  has  become  thoroughly 
compacted,  and  its  surface  at  the*  proper  cross-section  and  grade  for 
the  finished  roadway.  Upon  this  surface  shall  be  spread  a  layer  of 
fine  screening,  which  when  rolled  shall  be  one  half  inch  in  thick- 
ness, which  shall  be  thoroughly  wetted  and  rolled  until,  by  the 
continued  use  of  water,  a  wave  is  produced  before  the  roller. 

Gravel  or  Earthe^i  Driveways, — The  space  16  feet  wide  in  the 
centre  of  the  roadway  shall  be  excavated  to  a  subgrade  dependent 
upon  the  character  of  the  bottom.  If  the  bottom  be  of  good  ma- 
terial the  subgrade  shall  be  4  inches  below  the  grade  of  the  finished 
road  section.  If  the  bottom  be  soft  or  spongy  the  subgrade  will  be 
made  8  inches  below  the  grade  of  finished  road  section.  In  the 
latter  case  the  material  excavated  shall  be  replaced  by  a  layer  of 
sand  or  shale  mixture,  which  formed  the  top-dressing  of  the  road- 
bed as  graded  under  former  contract,  or  by  a  layer  of  other  good, 
firm  material,  well  rolled  and  compacted  to  ultimate  resistance  by 
a  roller  of  the  same  weight  as  specified  for  rolling  the  subgrade  of 
the  telford  foundation.     The  top  of  said  layer,  when  rolled,  ehall 
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be  4  inches  below  the  finished  grade  surface.  The  subgrade^  in 
good  material,  shall  also  be  rolled  by  the  same  roller  to  ultimate 
resistance. 

This  forming  of  the  subgrade  of  centre  roadway  shall  proceed  at 
the  same  time  as  the  laying  of  the  telford  foundation,  and  care 
shall  be  taken  that  the  earth  shall  be  well  packed  and  compacted 
against  the  outer  line  of  stones  in  the  foundation.  Where  the  bot- 
tom shall  require  subdrainage  the  telford  foundation  shall  be  con- 
tinned  beneath  the  centre  roadway,  across  the  whole  road.  Where 
this  is  done  a  layer  of  hard-pan  shall  be  spread  over  the  top  of  the 
telford  foundation,  2  inches  thick,  and  well  rolled. 

Top'dresising  of  Centre  Roadways. — The  top-dressing  of  centre 
roadway  shall  consist  of  Shark  River  gravel  or  Roa  Hook  gravel, 
coutaining  no  stone  over  1  inch  in  any  direction.  But  if  this  last 
shall  be  used,  20  per  cent  of  pure  clay,  free  from  loam  or  vegetable 
mould,  shall  be  thoroughly  and  evenly  mixed  with  it,  before  spread- 
ing, as  a  binder.  The  gravel  roadway  shall  be  sprinkled  and  rolled 
in  layers  of  2  inches  by  the  same  roller  used  for  rolling  the  mac- 
adam, until  the  whole  surface  shall  present  a  smooth,  even  cross- 
section  from  gutter  to  gutter.  (See  Engineering  Record,  April  19, 
1894.) 

ART.  XLVIIlA. 

CITY  STREETS. 

802.  The  same  construction  and  pavements  of  city  streets 
apply  equally  to  suburban  roads;  and  while  macadam  or  gravel 
roads  may  be  used  in  cities  on  streets  only  subjected  to  light  traffic, 
greater  care  is  taken  in  preparing  the  natural  soil,  better  stone  is 
selected^  and  occasionally  special  methods  and  materials  are  used 
to  secure  a  firm,  smooth,  and  impervious  covering.  Otherwise  the 
construction  of  such  roads  for  cities  is  similar  to  that  already  de- 
scribed for  country  roads. 

803.  Concrete  pavements  may  be  classed  as  macadam  with 
cement  mortar  as  a  binding  material.  No  special  difference  ex- 
ists between  this  and  ordinary  concrete.  On  a  good  well  surfaced 
and  rolled  bed  a  thickness  of  from  5  to  8  inches  is  used,  varying 
with  the  kind  of  traffic.  Excellent  results  have  been  obtained 
with  this  material.  A  road  of  this  kind  should  not  be  opened  to 
traffic  under  two  to  three  weeks  after  completion.     The  best  Port- 
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land  cement  should  foe  used,  and  good  sounds  hard  stone;  otherwise 
a  smooth  surface  cannot  be  maintained. 

Coal-tar  has  foeen  mixed  with  heated  stone  which  has  been 
properly  broken.  This  mixture  is  spread  and  rolled  in  the  usual 
manner.  After  being  rolled  to  the  proper  contour^  a  2-inch 
layer  of  a  similar  mixture  with  smaller  stones  is  placed  on  top. 
Sometimes  a  6-inch  layer  of  broken  stone  is  laid,  and  upon  this  is 
poured  a  boiling  mixture  of  creosote  oil  and  pitch  sufficient  to  fill 
all  interstices.  While  still  warm,  a  thin  layer  of  small  stones  is 
placed  and  rolled.  More  small  stone  or  chippings  is  added,  and 
rolled  until  a  smooth,  firm  surface  is  secured.  Dry  weather  is 
essential  for  such  construction.  One  great  property  of  a  good 
covering,  namely,  imperviousness,  is  secured ;  and  the  facility  with 
which  it  can  be  kept  clean  is  in  its  favor.  Limestone  or  other  soft 
varieties  is  used  in  these  roads. 

804.  Wood  Pavements. — Pavements  of  wood  have  been  exten- 
sively used  both  in  the  United  States  and  in  Europe.  In  general 
it  may  be  said  that  while  they  have  proved  satisfactory  in  Europe 
the  contrary  has  been  tlie  case  in  the  United  States.  This  con- 
dition can  evidently  be  ascribed  in  a  large  measure  to  defective 
material  and  construction,  foundation-beds,  green  timber,  imperfect 
filling  of  the  joints  with  impervious  cement,  and  want  of  proper 
maintenance. 

It  affords  good  foothold  for  horses ;  it  is  not  noisy,  is  fairly  dura- 
ble, and  requires  less  tractive  force  than  stone  pavements.  It  can 
be  used  on  all  grades  up  to  5  in  100.  It  does  not  become  muddy, 
produces  but  little  dust,  and,  finally,  is  cheap  in  first  cost. 

The  disadvantages  are:  It  is  difficult  to  keep  clean;  the  wood 
absorbs  water  containing  more  or  less  foul  and  decaying  matter; 
and  it  has  the  further  objection  of  difficulty  in  removing  to  get  at 
pipes,  etc.,  and  in  replacing  satisfactorily.  It  has  been  condemned 
in  mauy  cities  as  a  fruitful  source  of  breeding  certain  diseases;  the 
detritus,  consisting  of  small  fibrous  pieces  of  wood,  is  considered 
harmful  to  both  eyes  and  lungs  of  people  exposed  to  its  effects. 

Many  forms  of  wood  blocks  with  interlocking  devices  have  been 
used.  The  present  practice  is,  however,  reduced  to  the  rectangular 
or  cylindrical  blocks,  placed  with  the  fibre  vertical,  and  with  their 
joints  filled  with  water-proof  cement. 

The  rectangular  blocks  are  3  inches  wide,  9  inches  long,  and  6 
inches  deep.  The  cylindrical  blocks  are  commonly  6  inches  in 
diameter  and  6  inches  long. 
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The  kinds  of  wood  best  suited  seem  to  be  cedar,  yellow  pine, 
cypress,  and  juniper.  Hard  woods,  such  as  oak,  do  not  make  the 
best  pavements, — they  become  slippery;  the  softer  close-grained 
woods  are  preferred.  Not  considering  the  character  of  the  founda- 
tion, wood  pavements  deteriorate  through  decay;  hence  some  of 
the  methods  used  for  preserving  timber  should  be  used.  The 
best  is,  no  doubt,  creosoting.  This  costs  from  (12  to  $18  per 
1000  feet  B.  M.  The  blocks  should  be  sound,  clear  heart,  free 
from  knots,  shakes,  or  other  defects,  and  well  seasoned.  It  is 
claimed  that  blocks  filling  these  conditions  need  not  be  creosoted 
or  otherwise  treated.  Independent  of  other  considerations,  the 
creosoted  blocks  contract  and  expand  but  little,  whereas  untreated 
block  pavements  will  expand  about  1  inch  in  8  feet;  this  is  caused 
principally  by  the  absorption  of  moisture. 

Wood  pavements  pr<f^erly  laid  on  an  unyielding  foundation, 
with  water-proof  filling  in  the  joints,  under  some  conditions  have 
great  durability,  their  life  varying  from  five  to  nineteen  years  in 
London,  and  only  from  three  to  ten  years  in  the  United  States. 

The  cost  of  wood  pavements  in  the  United  States  varies  from 
$1  to  13.50  per  square  yard,  according  to  locality,  character  of 
foundation,  treated  or  untreated  blocks;  in  England,  from  $3  to 
(3.50,  including  foundations,  but  not  excavation. 

The  cost  of  maintenance  per  square  yard  varies  from  5  to  50 
cents. 

Foundations  for  Wood  Pavements, — The  blocks  are  laid  on  the 
natural  soil,  on  beds  of  sand  and  gravel,  on  a  layer  of  telford  pav- 
ing or  on  a  layer  of  concrete,  and  sometimes  a  double  layer  of 
plank. 

The  layer  of  sand  and  gravel  placed  on  the  natural  soil  varies 
from  3  to  6  inches  in  thickness.  This  should  be  rolled  with  a  2000 
to  3000  pound  roller.  When  a  layer  of  concrete  is  used,  it  should 
not  be  less  than  6  inches  thick,  over  which  is  placed  a  cushion-coat 
of  sand  1  inch  in  thickness;  or  a  coating  of  asphaltic  mastic  is  hiid 
on  the  concrete,  or  the  concrete  is  covered  with  a  layer  of  roofing- 
felt. 

The  plank  foundation  is  laid  on  the  natural  soil  or  on  a  layer 
of  sand  and  gravel,  over  which  a  thin  layer  of  sand  or  cushion-coat 
is  placed. 

The  telford  foundation  is  formed  by  a  layer  of  large  stones  6 
inches  thick;  this  is  well  filled  with  small  stones,  over  which  a  layer 
of  wet  gravel  i?  compacted  with  a  heavy  roller;  then  a  2-inch  layer 
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of  small  stones  coyered  with  wet  gravel,  well  rolled;  then  a  thin 
layer  of  sand.  On  this  a  coarse  of  plank  1  inch  thick  has  been 
laid. 

All  of  the  above  foundations  are  laid  on  a  well-rolled  bed  of  the 
natural  soil. 

On  the  foundations  the  blocks  of  wood  are  placed.  The  blocks 
are  laid  breaking  joints;  transversely  the  joints  are  continuous. 
They  should  be  rammed  to  the  proper  bearing  with  a  rammer  weigh- 
ing 50  to  80  pounds.  The  sand  cushion  should  be  dry  when  the 
blocks  are  laid.  The  blocks  are  set  on  the  cushion-coat  of  sand, 
asphaltic  mastic,  or  plank,  with  the  fibre  vertical,  in  parallel  courses, 
the  length  of  block  transverse  to  the  street-line.  The  overlap  or 
bond  of  the  blocks  should  be  at  least  2  inches.  At  street  intersec- 
tions the  courses  are  laid  diagonally,  no  joint  exceeding  f  inch  in 
width.  • 

The  gutters  can  be  formed  by  three  courses  of  blocks  laid  par- 
allel to  the  curb.  To  allow  for  expansion,  the  course  nearest  the 
curb  is  omitted,  and  the  space  filled  with  sand. 

With  cylindrical  blocks  the  courses  are  laid  in  parallel  rows 
across  the  street,  and  in  close  contact.  The  split  blocks  are  used 
close  to  the  curb,  and  around  manholes  and  the  like.  All  blocks 
should  be  brought  to  the  uniform  and  regular  street  surface  by  the 
proper  use  of  sand. 

The  vertical  joints  are  filled  in  one  of  the  following  ways: 
Screened  gravel  is  rammed  in  the  joints  with  steel  bars,  and  the 
surface  covered  with  a  layer  of  gravel  and  sand  about  three  fourths 
of  an  inch  thick.  The  joints  may  be  simply  filled  with  sand. 
Bitumen  is  poured  into  the  joints,  which  fills  any  slight  interstices 
under  the  blocks  and  seals  the  joint,  and  over  this  is  poured  a  gi*out 
made  of  neat  Portland  cement.  This  is  repeated  until  the  joints 
are  filled.  After  this  has  set  a  thin  layer  of  dry  sand  is  spread 
over  the  surface.  The  grout  is  sometimes  made  of  1  part  cement 
and  2  of  sand. 

With  cylindrical  blocks  clean  screened  gravel  from  one  quarter 
to  one  half  inch  in  diameter  is  placed  in  the  joints  to  the  depth  of 
2  inches.  Over  this  is  poured  hot  paving  cement  to  a  depth  of  2 
inches.  Then  the  joints  are  filled  with  gravel,  and  paving  cement 
poured  in  until  the  joints  are  full.  Over  the  surface  is  spread  a 
layer  of  dry  sand  1  inch  thick.  The  paving  cement  may  be  com- 
posed of  1  ton  of  residuum  from  the  direct  distillation  of  coal  tar 
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and  50  gallons  of  creosote  oil.  These  are  melted  together  in  iron 
boilers^  and  shonld  be  boiling  hot  when  poured  into  the  joints. 

The  gravel  used  must  be  clean  and  sharp,  free  from  sand,  clay^ 
or  other  objectionable  matter.  The  i*ise  at  centre  or  crowning  1  in 
100. 

Special  specifications  and  requirements  can  be  obtained  from 
the  engineers  of  Western  and  Southern  cities.  The  following  is  a 
sample: 

805.  The  joints  are  sometimes  as  much  as  1^  inches  in  width. 
These  joints  are  then  filled  with  clean- dry  gravel  from  i  to  1  inch 
in  size^  well  rammed.  After  repeated  filling  and  ramming  the  pave- 
ment is  fiooded  with  hot  composition,  using  not  less  than  1^  gsdlons 
per  square  yard.  Over  this  a  thin  layer  of  small  gravel  is  spread 
and  swept  in  the  joints  until  they  are  thoroughly  filled.  The  whole 
surface  is  then  covered  with  hot  composition,  not  less  than  one  half 
gallon  per  square  yard,  and  immediately  covered  with  dry  roofing 
gravel,  or  the  gravel  screened  from  that  already  used,  to  the  depth 
of  1  inch.  All  gravel  must  be  lake-shore,  entirely  free  from  sand 
or  pebbles  over  one  half  inch  in  size,  and  dried  and  heated  suffi- 
ciently to  prevent  chilling  the  composition. 

The  cylindrical  blocks  used  are  of  cedar,  from  4  to  8  inches  in 
diameter  and  6  inches  long.  These  are  laid  on  a  foundation  of  2- 
inch  hemlock  plank,  laid  on  centre  and  end  transverse  stringers, 
firmly  bedded  in  the  sand  layer  of  3  inches  in  thickness  upon 
which  the  plank  rests.  The  sand  is  spread  on  the  natural  soil, 
rammed,  and  rolled  down.  The  natural  bed  is  graded,  thoroughly 
flooded,  rammed,  and  rolled  to  make  it  uniform  and  solid.  The 
above  is  taken  from  specifications  for  laying  cedar-block  pavements 
in  Chicago. 

ASPHALTUM  AND   COAL-TAR  PAVEMENTS. 

806.  Some  asphaltic  mixtures  or  compounds,  either  natural  or 
artificial,  have  been  used  for  a  great  many  years  in  forming  road 
and  street  pavements. 

Asphaltum,  a  natural  bitumen  or  mineral  pitch,  is  found  either 
alone  or  mixed  with  other  substances.  It  is  considered  to  be  a 
product  of  the  decomposition  of  vegetable  and  mineral  substances. 
It  is  of  a  brownish-black  color,  and  varies  in  consistency;  it  melts  a 
little  below  the  boiling-point  of  water,  and  burns  with  a  smoky  fiame. 
Deposits  are  found  in  many  parts  of  the  world,  especially  in  or  near 
tropical  regions. 
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It  is  found  in  a  state  of  great  purity  in  the  interstices  of  the 
older  rocks.  Its  chemical  composition  varies  in  different  localities. 
It  has  the  lustre  and  general  appearance  of  pitch,  and  is  amorphoug 
in  structure. 

Pure  asphaltum  is  unsuitable  for  paving  purposes  on  account  of 
its  brittleness  at  low  temperatures  and  its  softening  at  high  tem- 
peratures. Moreover  it  has  little  resistance  to  wear  and  tear  under 
traffic. 

The  main  source  of  supply  in  the  United  States  is  found  in  the 
island  of  Trinidad,  W.  I.,  where  there  is  a  lake  having  an  extent 
of  more  than  100  acres,  and  of  unknown  depth.  This  is  known  as 
"  lake  or  live  asphalt.''  This  lake  is  surrounded  by  deposits  found 
on  the  land,  and  known  as  "overflow  or  land  asphalt  or  pitch.' 
The  former  or  lake  pitch  is  found  to  be  superior  to  the  latter  or 
land  pitch,  and  it  is  commonly  specified  that  only  the  lake  pitch 
is  to  be  used  for  paving  purposes.  The  natural  bitumen  is  mixed 
with  vegetable  and  earthy  matter.  It  liquefies  when  heated  over  a 
slow  fire,  and  by  this  process  these  substances  are  removed,  the 
vegetable  and  lighter  impurities  rise  to  the  surface,  and  are  skimmed 
off,  while  the  heavier  and  earthy  substances  sink  to  the  bottom. 
The  pure  bitumen  is  then  drawn  off. 

For  street  paving  this  is  mixed  with  the  residuum  of  petroleum 
and  with  sand.  The  mixing  is  done  at  a  temperature  of  about 
300°  Fahr.,  and  while  hot  it  is  spread'  upon  the  foundation  and 
compressed  under  heavy  rollers. 

807.  Asphalt  is  the  name  given  to  mixtures  of  pure  asphaltum 
with  calcareous  or  silicious  substances.  It  may  be  natural  or 
artificial. 

Natural  asphalt  consists  of  either  limestone  or  sandstone  im- 
pregnated with  pure  bitumen,  and  known  as  bituminous  limestone, 
bituminous  sandstone,  rock  asphalt,  etc. 

The  artificial  asphalt  is  a  mechanical  mixture  of  bitumen,  sand, 
and  crushed  limestone. 

808.  Bituminous  Limestones, — The  asphalt  used  for  paving 
purposes  in  Europe  is  obtained  from  the  bituminous  limestones 
found  in  France,  Germany,  Sicily,  and  Switzerland.  These  lime- 
stones contain  from  7  to  12  per  cent  of  bitumen.  For  carriage- 
ways in  Europe  the  natural  rock  is  reduced  to  powder,  heated  until 
softened,  then  spread  upon  the  foundation  while  hot,  and  tamped 
until  well  compacted.  For  sidewalks  and  floors  a  liquid  asphalt  is 
made  by  heating  a  mixture  of  the  powdered  rock  with  asphaltum. 
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and  to  the  heated  mixture  is  added  coarse  sand  or  gravel.  The 
proportions  are  natural  stone  60  per  cent,  natural  bitumen  4  per 
cent,  sand  or  gravel  36  per  cent. 

In  Paris  there  are  two  methods  of  constructing  asphalt  pavements. 
In  one  method,  after  grading,  sprinkling,  and  rolling  the  natural 
ground,  it  is  covered  with  a  layer  of  cement  concrete  from  4  to  6 
inches  in  thickness.  After  this  sets,  and  is  well  dried,  the  asphalt  is 
spread  and  surfaced  with  a  wooden  float.  This  asphalt  is  made  by 
mixing  sufficient  bitumen  with  the  natural-rock  to  make  the 
bitumen  from  15  to  18  per  cent.  This  mixture  is  heated  for  about 
six  hours  in  order  to  secure  a  uniform  product.  The  thickness  of 
the  asphalt  is  about  1^  inches,  applied  in  two  layers.  This  cover- 
ing will  not  soften  at  a  temperature  of  140''  Fahr. 

In  the  second  method  the  natural  rock  is  used  without  the  ad- 
dition of  bitumen. 

The  quarried  bituminous  limestone  is  reduced  to  a  powder  by 
means  of  suitable  machinery.  It  is  then  put  in  a  roaster.  When 
sufficiently  heated,  to  about  300**  Fahr.,  it  is  put  into  a  special 
wagon  and  carried  to  the  place  where  it  is  to  be  used.  It  is  said 
that  it  can  be  carried  in  sheet-iwn  carts  with  double  sides  as  far 
as  9i  miles  without  losing  more  than  SO'*  or  40°  Fahr.  The  hot 
material  is  emptied  on  the  concrete  foundation,  spread  by  hot 
rakes  in  layers  of  sufficient  thickness  to  allow  for  the  compression, 
namely,  about  3  inches  for  a  finished  coat  of  2  inches  in  thickness. 
It  is  first  rammed  while  hot,  by  means  of  cast-iron  rammers  6  to  8 
inches  in  diameter;  this  is  followed  by  a  roller,  heated  by  an  inter- 
nal furnace,  drawn  by  two  men.  The  final  compression  is  effected 
by  the  carriage-wheels.  During  the  rolling  a  small  quantity  of 
hydraulic  cement  is  strewn  over  the  surface.  The  rolling  is  con- 
tinued until  the  asphalt  is  cold. 

Liimestones  containing  over  10  per  cent  of  bitumen  become  soft 
in  summer.  If  they  contain  much  less  they  will  not  have  sufficient 
binding  power  to  sustain  heavy  traffic. 

809.  In  the  United  States  numerous  beds  of  bituminous  sand- 
stones are  found,  namely,  in  Utah,  California,  and  Kentucky. 
These  have  been  used  in  many  Western  cities.  The  Gilsonite  of 
Utah  is  pulverized  and  mixed  with  petroleum;  this  mixture  is 
heated ;  the  temperature  must  be  kept  below  500®  Fahr.  Broken 
stone  or  gravel  is  added  to  the  heated  mass.  It  is  then  ready  for 
nse.  About  80  per  cent  of  gravel  makes  a  durable  pavement.  The 
bituminous  rock  of  some  portions  of  California  is  heated  and  mixed 
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with  sandy  the  proportions  being  from  1  of  rock  to  3  to  8  of  sand  by 
bulk.  Other  varieties  are  used  without  mixing  sand.  The  Eentncky 
sandstones  also  are  used  in  their  native  condition.  Tfaey  are  crashed 
to  powder  and  heated  to  about  250^  Fahr.  While  hot  and  in  a  plastic 
condition  they  are  spread  upon  the  foundation^  tamped,  and  rolled. 

810.  Artificial  Asphalt. — The  large  proportion  of  asphalt  pave- 
ments in  the  United  States  are  made  of  artificial  asphalt,  which  is 
a  mixture  of  bitumen,  sand,  and  limestone.  The  bituminous-lime- 
stone pavements  become  hard,  smooth,  and  slippery  under  traffic, 
and  are  therefore  objectionable  in  a  cold  and  frosty  latitude.  The 
sand  mixed  with  the  Trinidad  asphaltum  prevents  the  forming  of 
a  smooth,  slippery  surface  to  some  extent. 

The  refined  or  purified  Trinidad  asphaltum  is  very  brittle  at 
ordinary  temperatures,  and  is  a  rather  poor  cementing  substance. 
To  give  it  the  proper  qualities,  it  is  mixed  while  at  a  temperature 
of  about  325°  Fahr.  with  from  17  to  20  pounds  per  hundred  of  the 
residuum  from  the  distillation  of  petroleum — a  thick,  heavy  paraf- 
fine-oil.  It  is  a  substance  entirely  different  from  asphaltum,  and 
has  a  different  specific  gravity.  Thorough  agitation  is  necessary  to 
produce  and  maintain  a  uniform  product.  This  mixture  is  the 
asphalt  cement  used  in  paving. 

The  wearing  surface  of  pavements  is  composed  of — 

Asphalt  cement 12  to  15  per  cent. 

Sand 70  to  83    "      " 

Pulverized  carbonate  of  lime 5  to  15    "      " 

The  sand  should  be  clean  and  free  from  clay.  With  suitable 
sand,  the  limestone  may  be  reduced  in  quantity  or  omitted  cDtirely. 

The  sand  and  asphaltic  cement  are  heated  separately  to  about 
300°  Fahr.  The  powdered  limestone,  while  cold,  is  mixed  with  the 
hot  sand,  to  which  is  then  added  the  cement  in  proper  propor- 
tions. This  mixture  is  spread  on  the  concrete  foundation  in  two 
layers.  The  first  or  cushion  coat  contains  from  2  to  4  per  cent  more 
asphaltic  cement  than  given  above;  it  is  spread  so  that  the  thick- 
ness after  rolling  will  be  about  one  half  inch.  The  second  or  sur- 
face coat  is  made  of  the  proportions  given,  and  is  brought  to  the 
pavement  at  a  temperature  of  about  250°  Fahr.  It  is  spread  on 
the  cushion-coat  by  means  of  heated  iron  rakes,  thus  forming 
a  uniform  and  regular  layer  such  that,  after  compression,  the 
required  thickness  of  2  or  more  inches  will  be  obtained.  The 
layer  is  then  rolled,  a  small  quantity  of  hydraulic  cement  is  scat- 
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tered  over  the  surface^  and  the  rolling  continued  until  the  surface  is 
smooth  and  firm.  One  ton  of  the  refined  asphalt um  makes  about 
2300  pounds  of  asphaltic  cement,  which  will  yield  about  3.4  cubic 
yards  of  the  sand  and  limestone  compound.  One  cubic  yard  of  this 
material  weighs  about  4500  pounds,  and  will  coat  12  square  yards 
when  2^  inches  thick,  18  when  2  inches,  and  27  square  yards  when 
1-^  inches  thick. 

This  material  can  be  used  on  grades  as  high  as  4  in  100,  though 
it  is  not  considered  advisable  to  use  it  on  grades  steeper  than  2.5 
in  100. 

There  are  many  special  specifications  and  conditions  which  differ 
from  each  other  to  a  greater  or  less  extent. 

811.  Gutters  are  formed  with  granite  blocks  or  bricks,  and 
sometimes  by  spreading  a  coat  of  hot  pure  asphalt,  smoothed  with 
hot  irons. 

In  streets  having  railways  along  them  it  is  necessary  to  place 
a  course  of  granite  blocks  next  the  rails,  alternating  header  and 
stretcher,  thus  bonding  into  the  pavement.  These  should  be 
solidly  bedded.  The  asphalt  pavement  is  then  laid.  Clean,  fine 
gravel,  heated,  is  forced  into  the  joints  between  the  blocks  until 
they  are  nearly  filled.  No.  6  paving  cement,  at  a  temperature  of 
300^  Eahr.,  is  then  poured  into  the  joints,  and  additional  heated 
gravel  then  rammed  into  the  joints. 

ASPHALT  PAVEMENT  OK  GRAVEL  AND  CONCRETE  BASE,  FIG.  29Si{a). 

812.  A  bituminous  concrete  base  is  sometimes  used,  which  ia 
formed  with  broken  stone  well  rolled  in  a  4-inch  layer,  coated  with 
coal-tar  paving  cement.  On  this  a 
layer  of  small  stone  and  coal-tar  is 
placed.  The  stone  is  heated  to  250^ 
Fahr.,  thoroughly  mixed  with  the  tar, 
and  spread  over  the  first  layer  to  such 
a  depth  that  after  compression  the 
thickness  will  be  about  1|  inches. 
It  must  be  rammed  and  rolled  while  '  (b) 
hot.     This    forms   the    foundation.                  Pros.  298i. 

The  surface  or  wearing  coat  is  then  mixed  and  spread  as  before 
described.     (See  Fig.  298^(6).) 

This  pavement  must  be  a  solid  mass  at  least  7  inches  thick,  and 
thoroughly  rolled  until  it  is  firm  and  solid. 
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It  is  usual,  owing  to  the  great  number  of  inferior  asphalts  and 
mixtures  that  have  been  used,  to  require  the  contractor  to  keep  this 
kind  of  pavement  in  repair  for  a  series  of  years.  This  can  be  in- 
cluded in  the  contract  price  per  square  yard,  or  the  contract  can 
be  made  for  a  price  covering  only  the  cost  of  construction  and  an 
agreed  upon  price  for  maintenance.  On  either  basis  the  contractor 
is  pretty  sure  to  take  care  of  his  own  interests. 

The  time  of  guaranty  varies  from  5  to  15  years.  The  average 
cost  of  maintenance  is  placed  at  about  10  cents  per  square  yard  per 
annum.  In  London  it  is  given  at  from  19  to  25  cents.  In  Wash- 
ington, D.  C,  it  is  placed  as  low  as  1^  to  3  cents. 

The  cost  of  construction  of  asphalt  pavements  in  the  United 
States  is  from  $2.50  to  14.50  per  square  yard.  In  Europe,  from 
$3.00  to  $4.50. 

813.  Coal-tar  Pavements. — Many  coal-tar  pavements  have  been 
patented  and  employed  in  this  country.  As.  a  rule  they  have 
proved  unsatisfactory,  their  failure  being  due  to  -the  presence  of 
volatile  oils,  which  are  oxidized  on  exposure,  thereby  destroying  the 
binding  or  cementing  qualities  of  the  material. 

They  are  also  affected  by  changes  in  temperature,  become  soft 
in  summer  and  brittle  in  winter. 

These  pavements  are  made  of  sand,  small  gravel,  and  stone  dust, 
cemented  by  some  form  of  coal-tar. 

A  mixture  of  bitumen  and  coal-tar  has  been  used,  and  has  given 
more  or  less  satisfactory  results. 

Vulcanite  Asphalt  Pavement, — The  Filbert  vulcanite  pavement 
is  constructed  as  follows : 

A  foundation  is  made  by  using  a  layer  of  broken  stone  5  inches 
thick,  the  largest  dimension  of  the  stones  being  under  3  inches. 
This  layer  is  spread  upon  the  prepared  bed  and  well  compjicted 
with  a  steam-roller.  This  is  covered  with  a  hot  paving-cement, 
composed  of  ISTo.  4  tar  distillate,  about  one  gallon  to  the  square  yard 
of  surface.  The  second  or  binder  course  consists  of  smaller  stones, 
\^  inches  in  greatest  dimension,  cleaned,  screened,  heated,  and 
mixed  with  No.  4  tar  distillate  in  the  proportion  of  one  gallon  of 
tar  to  one  cubic  foot  of  stone.  This  is  spread  upon  the  base  to 
the  depth  of  2  inches,  rammed,  and  rolled  while  hot.  Upon  this  is 
laid  a  wearing  surface  IJ  inches  thick.  This  contains  25  per  cent 
asphalt  and  75  per  cent  tar,  and  clean  sharp  sand  and  pulverized 
stone,  the  sand  and  stone  in  the  proportion  of  2  to  1.  To  21  cubic 
feet  of  this  mixture  is  added  1  peck  hydraulic  cement,  1  quart  of 
flour  of  sulphur,  and  2  quarts  of  air-slaked  lime. 
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To  this  mixture  are  added  320  pounds  of  paying-cement.  These 
materials  are  heated  to  about  350°  Fahr.,  thoroughly  mixed,  and 
spread  on  the  binder  course  to  a  depth  of  2  inches.  While  hot  it 
is  rolled  with  a  steam-roller,  hydraulic  cement  being  scattered  over 
the  surface.  The  rolling  is  continued  until  the  surface  is  cold 
and  firm. 

This  pavement  is  cheap,  is  not  so  slippery  as  asphalt,  and  makes 
a  more  durable  gutter  surface.  It  is  difficult  to  obtain  a  uniform 
quality  of  coal-tar.  Frequent  repairs  are  needed,  which  are  ren- 
dered more  difficult  on  account  of  the  entire  mass  uniting  into  a 
more  or  less  homogeneous  solid. 

The  combination  asphalt  and  coal-tar  pavements  will  cost  from 
$2.00  to  t2.50,  according  to  quality  and  proportions. 

814.  Asphalt-block  Pavements. — The  asphalt  blocks  are  formed 
of  a  mixture  of  crushed  limestone,  varying  from  dust  to  grains  of 
^  inch,  and  10  per  cent  of  asphaltic  cement.  This  is  pressed  into 
bricks  or  blocks  4  X  5  X  12  inches  and  6  x  8  X  2^  inches  in  size. 

When  cool  these  can  be  handled  like  blocks  of  other  material, 
and  are  laid  and  bedded  in  a  similar  manner.  They  are  practically 
water-proof,  and  are  smoother  than  stone  blocks  and  not  so  noisy. 
They  wear  rapidly  under  traffic,  and  are  better  suited  for  residence 
than  for  business  streets. 

The  natural  soil  is  graded  and  compacted  by  rolling.  Upon 
this  is  placed  a  layer  of  bank  gravel,  containing  no  pebbles  over 
1  to  li  inches  in  size,  of  sufficient  thickness  to  give  5  inches  depth 
after  rolling.  Over  the  gravel  a  2-inch  layer  of  fine  sharp  sand  is 
spread  for  a  cushion-coat.  Upon  this  the  blocks  are  laid  and 
bedded. 

When  laid,  the  surface  is  covered  with  clean,  fine  sand.  A  plate 
of  iron  large  enough  to  cover  four  blocks  is  then  set,  and  rammers 
weighing  45  pounds  are  raised  and  dropped  on  the  plate.  The 
ramming  is  continued  until  a  regular  uniform  surface  with  the 
proper  grade  and  crown  is  secured,  and  all  blocks  are  firmly  bedded. 
Fine  dry  sand  is  then  spread  over  the  surface  and  swept  into  the 
joints.     The  cost  is  from  $2.00  to  $2.50  per  square  yard. 

CAERIAGEWAY  PAVEMENTS  FOR   LARGE  CITIES. 

816.  The  following  is  taken  from  a  paper  recently  read  before 
the  Society  of  Arts  of  London,  England,  by  Mr.  Lewis  H.  Isaacs, 
F.R.I.B.A.,  Assoc.  Inst.  C.  E.,  etc.,  on  the  subject  of  street-pave- 
ments.    These  requirements  must  be  satisfied:  (1)  It  must  be  a 
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sanitary  pavement,  and  as  noiseless  as  possible.  (2)  It  must  be 
safe  for  horses,  affording  sufficient  foothold  with  the  minimum  of 
traction.  (3)  It  mnst  be  as  free  from  dust  and  mnd  as  possible. 
(4)  It  must  be  economical,  not  only  as  regards  first  cost,  but  also 
with  respect  to  its  maintenance  and  cleansing.  (5)  It  mnst  be 
durable.  (6)  It  must  be  easily  cleaned,  and  non-absorbent  of 
moisture.  (7)  It  must  admit  of  being  readily  taken  up  and  quickly 
relaid  for  repairs  at  all  seasons.  (8)  It  must  admit  of  the  construc- 
tion of  tramways  with  it. 

816.  Great  stress  is  laid  on  the  firmness  and  solidity  of  the 
foundation,  which  really  constitutes  the  measure  of  the  paving, 
and  can  be  no  better  than  its  foundation,  the  surface  material 
being  only  a  covering  or  roofing,  the  best  foundation  being  con- 
crete, composed  of  1  part  Portland  cement  and  6  parts  clean,  sharp 
river  ballast.  Under  granite  blocks  blue  lias  lime  concrete  in  the 
proportion  of  1  to  5  of  lime  and  ballast  would  answer;  but  lime  wiU 
not  do  under  asphalt  on  account  ef  its  tendency  to  blow. 

The  cement  should  be  well  burned  and  slow-setting,  weighing 
at  least  114  pounds  to  the  British  bushel,  and  leaving  not  more 
than  10  per  cent  residue  on  a  No.  50  sieve  (2500  meshes  per 
square  inch). 

Next  in  importance  to  the  foundation  is  the  cross-section  of  the 
carriageway,  more  convexity  being  required  on  fiat  than  on  sloping 
surfaces;  and  also  varying  with  the  material,  gritstone  requiring 
more  camber  or  centre  rise  than  granite,  and  wood  more  than  as- 
phalt. He  assumed  that  from  1  in  30  to  1  in  40  would  be  suffi- 
cient. 

817.  Paving  Materials. — For  light  traffic  and  on  grades  causing 
granite  to  be  dangerous  gritstone  blocks  are  the  best.  It  is  not 
durable  enough  under  heavy  traffic.  The  blocks  must  be  cut  with 
the  grain  parallel  to  its  length,  otherwise  it  wears  rapidly.  The 
sizes  of  the  blocks  vary  from  8  to  10  inches  in  depth,  5  to  7  in 
width,  and  7  to  10  inches  in  length.  The  width  need  not  be  uni- 
form, as  the  horse  can  obtain  a  foothold  on  the  block  itself,  and 
will  not  slip  back  to  the  joint,  as  on  granite.  On  sharp  grades, 
both  with  gritstone  and  granite,  the  narrower  the  courses  the  better. 
Special  foundations  are  not  required  with  gritstone  unless  the 
natural  soil  is  unreliable;  then  lias  lime  concrete  is  employed. 
Where  furnace  ashes  can  be  obtained  a  cushion-coat  1  inch  thick 
is  placed  on  the  foundation.  The  side  joints  are  filled  for  one  half 
the  height  with  gravel,  the  upper  half  filled  with  boiling  pitch  and 
tar. 
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818.  Oranite  blocks  form  the  most  durable  and  'economical 
pavement.  Unless  a  proper  kind  of  granite  is  selected  they  will 
wear  smooth;  they  become  slippery  in  certain  conditions  of  the 
atmosphere.  In  common  with  most  other  pavements  they  require 
more  tractive  power  than  wood  or  asphalt,  and  are  especially 
objected  to  on  account  of  the  noise  produced.  They  are  non- 
absorbent,  produce  little  dust  or  dirt,  and  are  therefore  compara- 
tively cleanly. 

The  sizes  of  the  blocks  in  general  use  are  9x4,  9  X  3,  7  X  4, 
7x3,  6x4,  6x3,  or  5x3  inches.  The  cubes,  which  are 
only  5  to  6  inches  deep,  should  not  be  used  in  leading  thorough- 
fares where  the  traffic  is  heavy.  The  3-inch  cubes  are  preferred  to 
4-inch,  as  giving  better  foothold.  The  blocks  should  be  dressed 
truly  square  in  order  to  give  stability  and  firmness,  and  to  admit  of 
reversing  the  blocks  in  relaying.  An  exactly  uniform  top  surface 
is  not  desirable;  a  certain  amount  of  roughness  prevents  too  great 
slipperiness.  If  the  foundation  is  lime  concrete,  a  grouting  of 
lime  and  sand  is  used  in  the  joints;  if  a  cement  concrete  is  used  in 
the  foundation,  the  joint  filling  of  cement  and  sand  grouting 
should  be  employed. 

819.  Gutters  are  formed  of  two  or  more  courses  of  cubes.  In 
very  flat  streets  better  channels  are  made  by  using  blocks  of 
granite  12  to  15  inches  wide,  and  of  the  same  depth  as  the  cubes, 
as  affording  less  frictional  resistance.  On  streets  with  steep  grades 
Mr.  Isaacs  recommends  the  laying  of  a  second  row  of  these  wide 
granite  blocks  parallel  to  and  at  a  distance  from  the  gutter  course 
equal  to  the  average  gauge  of  the  wheels.  This  is  in  the  nature  of 
a  Btone  tramway,  requiring  a  minimum  tractive  effort,  while  the 
granite  blocks  between  give  a  good  foothold. 

.    This  would  be  laid  in  England  on  the  left  going  uphill,  as  the 
traffic  keeps  to  the  left;  in  this  country  it  would  be  on  the  right. 

820.  Wood  Pavements, — He  states  that  wood  pavements  are 
rapidly  growing  in  favor  in  London. 

The  foundation  is  formed  with  6  inches  of  Portland-cement 
concrete  floated  to  a  good  surface,  on  which  are  placed  5 -inch 
creosoted  yellow-deal  blocks.  This,  pavement  lasts  from  seven  to 
ten  years.  The  cost  is  11.92  per  square  yard,  or  with  creosoting 
under  pressure,  $2.04  per  square  yard.  Cost  of  maintenance,  24 
cents  per  annum.  The  usual  precaution  of  leaving  a  space  be- 
tween the  blocks  and  curb,  to  allow  for  expansion,  is  required. 

Instead  of  joints  from  i  to  f  inch  between  blocks,  it  is  recom- 
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mended  to  lay  them  close  together,  sides  and  ends  touching,  as 
insuring  longer  life. 

Wood  blocks  are  said  to  be  unsuitable  for  use  when  laid  close 
io  tram-rails.  It  is  not  advised  to  use  them  on  grades  steeper  than 
.3i  to  100. 

The  great  and  almost  universal  objection  is  on  account  of  their 
real  or  assumed  unhealth fulness  and  offensive  odors  emitted. 

821.  Bock -asphalt  pavements  are  highly  recommended  on  ac- 
count of  durability,  imperviousness,  healthfulness,  cleanliness, 
noiselessness,  and  readiness  with  which  they  can  be  repaired. 
Such  a  pavement  in  London,  after  eight  years^  use,  subjected  to  a 
traffic  of  500,000  tons  a  year,  was  only  reduced  in  bulk  -^  and  in 
weight  f .  A  2J-inch  rock-asphalt  pavement  on  a  6-inch  concrete 
foundation  costs  about  $3.48  per  square  yard,  with  a  two-year  guar- 
anty from  the  contractor. 

822.  Taking  the  first  cost  of  wood,  granite,  and  asphalt  pave- 
ment, and  adding  the  annual  cost  of  maintenance  for  a  period  of 
fifteen  years'  use,  he  figures  the  annual  cost  per  square  yard  of 
granite  at  18  cents,  wood  33  cents,  asphalt  42  cents. 

823.  Macadam  roads  in  London  are  constructed  by  laying  on 
the  natural  earth  bed  a  layer  of  builders'  refuse,  clinkers  from  fur- 
naces, broken  pottery,  and  other  hard  materials  12  inches  in  thick- 
ness, reduced  by  rolling  to  8  or  9  inches.  On  this  is  laid  5  inches 
of  Thames  ballast,  then  three  3-inch  courses  of  macadam  stone, 
reduced  by  rolling  to  6  inches,  and  over  this  a  thin  layer  of 
watered  and  rolled  sand.  This  road  costs  $1.44  per  square  yard; 
and  when  under  heavy  traffic,  repairs  cost  annually  $1  per  yard. 

The  comparative  merits  of  different  pavements  are  given  in  the 
following  table : 

Table  LXIX. 

Rank Ist.  2d.  8d. 

Public  hygiene Asphalt        Granite  Wood 

Noiselessness Wood  Asphalt  .      Granite 

Safety  for  horses Wood  Asphalt  Granite 

Cleaning Asphalt  Granite  Wood 

Durability Granite   -     Asphalt  Wood 

Economy Granite  Wood  Asphalt 

Facility  for  repairs. . . .  Asphalt  Wood  Granite 

Facility  for  tramways..  Granite  Wood  Asphalt 

824.  The  following  are  comparative  tables  of  costs,  construe- 
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tion,  repairs^  and  durability  of  seyeral  kinds  of  pavements,  as  deter- 
mined in  Minneapolis,  Minn. : 

Cedar-block  paving  on  plank 71f  miles 

Asphalt 2i    « 

Granite  pavement  on  sand 9^    " 

Cedar-block  pavement  on  plank  costs  85  cents  per  square  yard. 
It  is  considered  preferable  to  lay  the  blocks  on  a  concrete  base  and 
to  use  tarred  joints,  increasing  the  cost  to  11.50  per  square  yard. 

The  granite  blocks  on  good  sandy  soil  are  considered  satisfac- 
tory. 

Brick  pavements  cost  from  $1.80  to  11.90  per  square  yard. 

Table  LXX. 
tabiib  of  belativb  cost  dubing  twenty  tbar8  on  business  streets. 


Cedar  blocks,  no  tar 

•  •  "      on  concrete,  tarred  Joints 

-Granite 

Asphalt  (repairs  kept  up  for  10  yeai*s,  ) 

after  which  time  add  8  cents ) 

Bmall  Minnesota  bricks 

Large        **  *       

Qalesburg  bricks. 

Oldo  bricks 


Cost  per 
Sq.  Tai-d. 

COBtof 

R«moTal. 

YeaFB. 

$0.85 

$0.70 

6 

1.45 

0.74 

8 

1.88 

1.88 

20 

2,75 

ft  •  •   « 

■  • 

1.80 

1.18 

10 

1.90 

1.28 

10 

2.15 

1.48 

10 

2.70 

2.08 

10 

Cost  per 
Year. 


$0.29 
0.80 
0.25 


0.88 
0.88 
0.40^ 
0.52 


PAVEMENTS  FORMED   OF  BLOCKS. 

825.  It  may  be  stated  that,  except  on  perfectly  firm  and  reliable 
natural  beds,  all  kinds  of  block  pavements  require  the  construc- 
tion of  artificial  foundations,  such  as  sand,  gravel,  concrete,  or 
aome  combination  of  these.  This  is  due  both  to  the  relatively 
high  first  cost,  as  well  as  to  the  importance  of  maintaining  each 
block  in  its  proper  position.  If  the  foundation-bed  is  at  all  yield- 
ing or  irregular,  excessive  settlement  will  take  place,  even  if  the 
bed  is  of  a  perfectly  uniform  material,  as  the  traffic  on  streets  can 
never  be  uniformly  distributed  over  the  entire  surface.  In  fact  it 
is  difiScult,  if  not  impossible,  to  maintain  a  good  road  surface  with 
any  kind  of  covering  or  paving  on  a  yielding  and  unstable  founda- 
tion; whereas  with  a  good  foundation  a  fairly  good  road  surface 
may  be   maintained   even  with  inferior  paving  material.     Many 
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natural  sandy  and  gravelly  soils  are  sufficiently  firm  and  uniform 
to  admit  of  laying  the  blocks  on  the  properly  graded,  surfaced, 
and  compacted  soil.  But  as  a  rule  an  artificial  bed  of  some  kind 
must  be  made  on  the  natural  soil  upon  which  to  lay  paving  blocks. 
And  in  general  that  kind  and  quality  of  foundation  which  is  the 
firmest  will  ultimately  prove  the  most  economical,  regardless  of  the 
first  cost. 

Probably  the  greatest  source  of  annoyance  and  cost  of  mainte- 
nance arises  from  the  necessity  of  tearing  up  pavements  for  the 
purpose  of  laying  new  water  and  gas  mains  and  branch  pipes,  or  of 
repairing  those  already  existing.  This  requirement  has  made  it 
necessary  to  consider  the  ease  and  rapidity  of  removing  and  relay- 
ing pavements— one  of  the  prime  essentials  in  what  are  termed  the 
best  pavements.  A  pavement  thus  patched  up  can  never  be 
brought  to  as  good  a  condition  as  in  the  original  construction.  The 
tendency  now  is  to  provide  underground  conduits  of  sufficient 
dimensions  to  carry  all  necessary  pipes,  telephone,  telegraph,  and 
electric  lighting  and  power  wires,  thereby  avoiding  not  only  the 
frequent  tearing  up  of  pavements,  but  also  removing  unsightly  and 
dangerous  networks  of  poles,  wires,  etc. 

Stone-block  Pavement. — Several  types  of  stone  blocks  have  been 
used  in  street  pavements. 

826.  Cobblestone  Pavements  consist  essentially  of  good-sized 
river- jacks  or  small  bowlders  from  4  to  8  inches  in  diameter. 
These  are  set  on  a  bed  of  good,  sharp  sand  r  fine  gravel  not  less 
than  10  inches  thick,  on  clay,  or  other  yielding  natural  soil.  This 
bed  should  be  1 8  inches  thick.  The  stones  are  set  with  their  longest 
diameter  vertical  and  small  end  down. 

They  are  rammed  with  heavy  rammers  until  well  settled  in  the 
sand  bed,  and  over  the  surface  a  layer  of  sand  and  gravel  is  spread, 
and  is  worked  into  the  joints  by  the  vehicles  and  horses.  Few 
roads  are  now  built  of  this  material;  but  on  very  steep  grades  it 
may  even  now  be  considered  as  the  most  suitable,  notwithstanding 
its  many  serious  defects. 

827.  Belgian-block  Pavement,  which  consists  of  more  or  less 
cubical-shaped  blocks  of  stone  obtained  from  quarries  of  hard  stone, 
such  as  granite,  was  and  is  used  as  a  substitute  for  cobblestone 
pavements.  These  pavements  are  made  inthe  same  general  manner 
as  for  the  cobblestone.  They  offer  less  resistance  to  traction,  but 
are  rough  and  noisy. 

828.  Granite-block  Pavements. — The  form  and  sizes  of  Belgian 
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'blocks  being  ill  suited  for  forming  good  stable  pavements,  led  to  use 
of  blocks  of  those  forms  and  dimensions  Which  would  enable  a  better 
and  stronger  pavement  to  be  made,  while  at  the  same  time  giving 
a  more  certain  and  reliable  foothold.  The  blocks  should  be  as  nar- 
row as  is  consistent  with  sufficient  depth  and  length  for  stability 
and  bond,  and  should  be  laid  on  an  impervious  and  unyielding 
foundation,  with  the  joints  between  the  blocks  filled  with  an  imper- 
meable cement.  When  thus  constructed  they  make  the  most  dur- 
able and  economical  surface  for  heavy  traffic.  They  are  suitable 
for  all  grades,  durable,  yield  little  dust,  require  but  little  cost  for 
maintenance,  and  give  a  good  foothold.  They  are  exceedingly 
noisy^  and  become  slippery  in  certain  conditions  of  the  weather^ 
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especially  with  blocks  of  too  great  width.  They  affect  injuriously 
the  horses,  and  are  wearing  on  vehicles. 

Granite  and  the  harder  varieties  of  sandstones  have  been  found 
to  make  the  best  pavements. 

The  best  dimensions  have  been  found  to  be:  Width,  3  to  4 
inches;  length,  9  to  12  inches;  depth,  7  to  9  inches.  They  are  laid 
in  courses  across  the  street,  breaking  joints  longitudinally.  The 
depth  and  width  of  the  blocks  in  each  course  should  be  the  same. 

The  blocks  should  be  well  squared,  not  tapering  in  any  direc- 
tion, with  no  irregular  projections.  They  are  laid  with  their 
longest  side  perpendicular  to  the  curb-line,  except  at  street  inter- 
.aections,  where  they  may  be  laid  at  an  angle  to  the  curb.  The 
gutters  are  formed  by  laying  three  or  more  courses  adjacent  to  the 
corb,  with  their  greatest  length  parallel  to  it.     See  Figs.  399. 

As  it  is  impossible  to  measure  each  block,  and  uniformity  in 
dimensions  is  required,  it  is  nsual  to  state  that  a  certain  number  of 
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transverse  courses  shall  not  occupy  more  than  a  certain  length 
along  the  street,  say  four  courses  to  14  inches.  The  narrow  S-inch 
blocks  seem  to  be  preferred. 

829.  Foundations. — While  a  good  bed  of  sand  and  gravel  will 
make  a  good  foundation,  and  many  granite-block  pavements  are 
bedded  on  such  layers,  the  best  practice,  especially  on  business 
streets  with  heavy  traffic,  seems  to  justify  nothing  less  strong,  solid, 
and  impervious  than  a  good  cement-concrete  base.  The  thickness 
of  this  concrete  base  should  not  be  less  than  4  inches,  and  need  not 
be  more  than  9  inches,  the  average  being  from  6  to  8  inches.  This 
is  laid  upon  a  properly  prepared  bed.  Over  the  concrete  is  placed 
a  thin  layer  of  fine,  clean,  and  perfectly  dry  sand  for  a  cushion - 
coat.  Upon  this  the  blocks  are  set^  and  placed  as  close  together 
as  practicable.  The  blocks  should  then  be  well  rammed  to  a  firm 
bearing.  The  original  layer  of  sand  not  being  over  about  f  inch  in 
thickness,  it  may  be  necessary  sometimes  to  remove  a  block  after 
ramming,  and  sprinkle  enough  sand  to  keep  its  upper  surface  at  the 
proper  level  with  respect  to  the  other  blocks.  The  joints  are  some- 
times filled  with  sand  or  fine  gravel,  or  with  lime  or  cement  paste. 
These  materials  will  not  insure  an  impervious  joint.  This  can  only 
be  accomplished  with  a  bituminous  cement,  which  also  diminishes 
the  noise  and  strengthens  the  pavement.  This  kind  of  joint  is 
made  by  first  filling  the  space  from  one  half  to  two  thirds  full  of 
gravel,  pouring  over  this  hot  pitch,  and  then  more  gravel  and  more 
pitch  in  succession,  until  the  joint  is  entirely  filled;  lastly  fine 
gravel  is  sprinkled  over  the  joint.  This  cement  is  composed  of 
coal-tar,  pitch,  and  creosote  oil,  in  about  the  proportions  of  100 
pounds  pitch  to  4  gallons  tar  and  I  gallon  creosote.  It  should  be 
poured  in  while  boiling  hot.  About  4  gallons  are  required  per 
square  yard ;  cost  per  gallon,  about  8  cents. 

Mtirphy'a  Grout  Filling  is  composed  of  Portland  cement,  iron 
slag,  and  sand.  It  is  claimed  to  be  cheap,  water-proof,  and  durable. 
It  is  applied  practically  in  the  same  manner  as  other  filling  ma- 
terial.   Steel  brooms  are  used  to  sweep  it  into  the  joints. 

830.  Sandstone  blocks  are  used  in  some  cities.  They  form  a 
good  wearing  surface,  though  not  as  durable  as  granite;  are  less 
noisy,  do  not  wear  slippery,  and  when  of  good  stone  stand  any 
kind  of  traffic.     Limestone  blocks  are  not  considered  suitable. 

831.  On  very  steep  grades  granite  blocks  are  either  set  with 
wide  joints  open  and  filled  to  within  an  inch  of  the  top  with  creo- 
soted  wood,  strips,  or  a  mortar  of  gravel  and  cement;   or  the 
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blocks  may  be  set  inclining  somewhat  against  the  grade^  form- 
ing a  series  of  shallow  ridges^  thereby  securing  the  desired  foothold. 
See  Pig.  300. 

882.  The  wear  of  granite  blocks  under  heavy  traffic  will  not 
exceed  i  inch  per  year.  After  wearing  down  several  inches  these 
blocks  can  be  removed  and  used  to  pave  streets  having  less  and 
lighter  traffic  running  over  them. 

The  cost  of  maintenance  need  not  exceed  from  2  to  4  cents  per 
square  yard  per  annum. 

The  cost  of  granite-block  pavement  on  a  foundation  of  sand  or 
gravel  varies  from  $1.50  to  $3.50  per  square  yard,  and  from  $2.50 
to  $4.50  on  concrete.  In  Europe  the  cost  varies  from  $3.00  to 
$4.00  per  square  yard,  Belgian-block  from  $1.80  to  $2.50,  sand- 
stone-block from  $1.25  to  $3.00,  cobblestone  from  40  cents  to  $1.50. 

The  life  of  granite-block  pavement  may  be  taken  at  from  15  to 
20  years.  On  the  basis  of  wear  of  i  inch  per  year  blocks  d  inches 
deep  will  have  worn  down  to  5  inches  in  16  years.  If,  then,  the 
smoothed  npper  surface  be  roughened  these  blocks  could  be  used 
on  streets  with  light  traffic,  thereby  prolonging  the  life  15  to  20 
years  more.  The  life  of  granite  pavements,  therefore,  may  be 
taken  at  from  15  to  40  years. 

In  Fig.  301  figures  (a)  and  (b)  are  the  representations  of  two 
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sizes  of  granite  block  when  prepared  for  laying.  Figure  (c)  shows 
the  form  assnmed  under  traffic.  Figure  (d)  shows  a  section  of  a 
street  paved  with  granite  blocks  on  a  bed  of  sand  placed  on  the 
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natural  soil.  Figure  (e)  shows  a  section  of  a  street  paved  with  gran- 
ite blocks  on  a  concrete  foundation^  covered  with  a  cushion  of  sand 
on  which  the  blocks  are  laid. 

BRICK   PAVEMENTS. 

833.  Pavements  made  of  bricks  have  been  used  in  some  foreign 
countries  for  fifty  or  more  years.  It  is,  however,  only  within  the 
last  twenty  years  that  this  kind  of  pavement  has  been  employed 
in  the  United  States.  The  first  was  laid  in  Charleston,  W.  Va.,  in 
the  year  1872.  Since  that  time  there  has  been  a  great  development 
in  the  use  of  brick  pavements. 

834.  There  are  a  great  many  advantages  to  be  secured  by  the  nse 
of  good  bricks — relatively  small  tractive  effort  required,  good  foot- 
hold suited  to  all  grades,  easily  cleaned  and  repaired,  practically 
non-absorbent,  not  noisy,  easily  and  rapidly  laid,  and  durable  under 
any  ordinary  traffic. 

In  many  localities,  however,  they  have  proved  unsatisfactory 
and  costly,  but  it  may  be  safely  stated  that  where  such  has  been 
the  case  it  was  owing  either  to  weak  and  imperfect  foundations,  to 
soft  and  porous  bricks  used  in  the  construction,  or  to  manufactur- 
ing the  bricks  from  an  inferior  quality  of  clay,  particularly  if  con- 
taining lime,  which  is  destructive  regardless  of  the  quality  of  the 
other  ingredients  or  of  the  perfect  and  proper  burning.  The 
trouble,  however,  arises  from  the  employment  of  inferior  grades  of 
brick  on  account  of  their  cheapness.  As  in  all  other  kinds  of  pave- 
ment, cheapness  in  materials  and  construction  will  generally  result 
in  discomfort,  and  ultimately  in  greater  cost  than  if  good  materials 
and  foundations  had  been  used  in  the  first  place. 

835.  The  qualities  required  are  hardness,  toughness,  imper- 
viousness,  and  consequently  resistance  to  the  wear  and  injurious 
effects  of  exposure  to  air,  moisture,  and  frost;  and  it  cannot  be  too 
strongly  impressed  that  these  qualities  are  of  little  value  if  the 
foundation  is  yielding  and  unreliable. 

Much  attention  has  been  given  to  the  proper  composition  of 
the  clay  from  which  paving  bricks  should  be  made;  but  it  will 
probably  be  found,  as  was  the  case  in  the  manufacture  of  iron  and 
steel,  that,  however  interesting  and  instructive  this  line  of  investi- 
gation may  be,  the  engineer  will  have  to  rely  on  the  qualities  of 
the  resulting  product  rather  than  upon  the  exact  proportions  of  the 
ino^redients  in  the  natural  mass,  except  in  so  far  as  the  presence  or 
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absence  of  certain  ingredients  are  known  to  be  absolutely  harmful 
or  helpful.  In  a  careful  and  extensive  reading  upon  this  subject 
in  books  and  magazines— and  the  present  amount  of  literature  upon 
it  is  very  great — the  writer  finds  that^  while  considerable  attention 
has  been  given  to  the  questions  of  resistance  to  crushing^  cro^s- 
breaking,  chemical  composition,  resistance  to  abr.a8ion  as  deter- 
mined by  grinding  and  abrading  machines,  the  simple  properties, 
4is  regards  absorption  of  water  both  to  determine  the  degree  of 
porosity  and  the  presence  of  excessive  quantities  of  free  lime, 
together  with  the  uniform  hard  or  vitreous  appearance  on  the 
faces  and  on  the  fractured  surfaces,  are  considered  of  more  im- 
portance. The  burden  of  satisfying  these  conditions  and  require- 
ments is  thrown  upon  the  manufacturer,  leaving  him  free  to  a  great 
extent  to  manufacture  the  bricks  of  such  materials  and  in  such 
manner  as  he  may  deem  best. 

836.  CTay.— Pure  clay  is  a  hydrated  silicate  of  alumina.  Its 
analysis  varies  from  silica  46.3,  alumina  39.8,  water  13.9  per  cent  to 
silica  97.6,  alumina  1.4,  water  1.0  per  cent,  with  almost  every  com- 
bination between  these  limits,  and  small  percentages  of  several 
other  substances. 

The  impurities  in  clay  are  uncombined  silica,  lime,  magnesia, 
ferric  oxide,  potash,  and  soda.  Both  pure  alumina  and  silica  are 
infusible.  Alumina  gives  plasticity  and  adhesiveness  to  the  clay 
and  strength  to  the  product,  but  it  shrinks,  warps,  and  cracks  on 
drying.  Silica  prevents  distortion,  cracks,  etc.;  the  more  silica  the 
less  shrinkage,  but  the  greater  brittleness,  and  the  less  plasticity  and 
adhesiveness. 

Lime  and  magnesia,  while  infusible  themselves  or  with  alumina, 
fuse  in  the  presence  of  silica,  as  do  also  several  other  common  im- 
parities in  clay,  and  produce  what  are  called  vitrified  brick. 

Potash  has  the  most  active  fluxing  effect,  then  soda,  lime, 
magnesia,  and  iron  in  the  order  named. 

837.  To  cause  vitrifaction,  a  clay  should  contain  3  to  3^  per 
cent  of  soda,  6  of  lime  or  magnesia,  or  8  per  cent  of  iron,  or 
some  equivalent  combination.  Lesser  proportions  produce  a  fire- 
brick unvitrified  and  porous.  From  an  economical  point  of  view 
larger  proportions  are  desirable,  as  a  lower  temperature  and  less 
fuel  are  required.  As  much  as  three  times  the  above  quantities 
render  the  clay  too  fusible. 

Finely  divided  lime  and  magnesia  in  small  quantities  are  not 
^especially  objectionable,  as  silicate  of  lime  or  magnesia  is  formed  in 
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the  burning.  Iron,  while  not  essential^  flnxes  with  ailica,  and 
cements  and  gives  strength  to  the  product.  Potash  and  soda  fnse 
at  a  lower  temperature. 

The  material  selected,  after  being  properly  prepared^  is  moulded 
into  the  proper  sizes  and  shapes. 

838.  Except  for  special  purposes,  the  bricks  are  rectangular 
prisms,  with  opposite  sides  truly  parallel,  and  adjacent  faces  at 
right  angles.  The  angles  are  often  rounded.  The  dimensions  vary 
according  to  locality  and  the  requirements  of  specifications.  They 
do  not,  however,  differ  materially  in  this  respect  from  the  ordinary 
building  brick.  The  sizes  are  3x4x9  inches,  4x5x12,  2ix4iX 
8^.     In  Canton,  Ohio,  there  are  three  grades: 

(1)  Standard  bricks,  2^  X  4  X  8^  inches,  weighing  7  pounds  each, 
requiring  58  bricks  to  the  square  yard. 

(2)  Repressed,  2^x4x8^  inches  scant,  weighing  6^  pounds 
each,  requiring  61  to  the  square  yard. 

(3)  Metropolitan,  3x4x9  inches,  weighing  9^  pounds  each,  and 
requiring  45  bricks  to  the  square  yard. 

839.  The  time  occupied  in  burning  will  vary  considerably,  ac- 
cording to  circumstances.  Burning  for  water-smoking,  from  2  to 
4  days;  burning  proper,  from  4  to  6.  Cooling,  from  3  to  5  days.  If 
the  drying  is  too  rapid  the  bricks  will  warp  and  crack;  too  rapid 
cooling  produces  brittle  bricks,  while  slow  cooling  anneals  the 
bricks  and  makes  them  tough. 

The  bricks  are  burned  in  two  kinds  of  kilns.  In  the  up-draught 
or  clamp  kiln  only  abont  40  per  cent  of  the  bricks  are  fit  for  pav- 
ing, while  in  the  down-draught  kilns  from  80  to  90  per  cent  of  the 
bricks  are  burned  sufficiently  hard  for  paving  purposes. 

There  is  a  difference  of  opinion  as  to  the  extent  of  burning 
necessary  to  make  the  best  brick.  Burning  to  vitrifaction  is  con- 
sidered desirable  by  some  engineers,  while  others  maintain  that  it 
is  neither  necessary  nor  desirable,  and  that  the  burning  should  be 
stopped  just  at  the  point  of  fusion.  The  degree  of  burning  is  a 
rather  ill-defined  point,  and  the  difference  is  one  of  degree  of  tem- 
peratare  rather  than  of  a  well-defined  change  in  physical  properties 
and  doubtless  the  proper  condition  is  one  of  incipient  fusion,  which 
is  known  and  understood  as  vitrifaction,  and  should  be  as  nearly 
uniform  throughout  the  body  of  the  brick  as  possible.  This  is  best 
indicated  by  the  absorption  test  with  half  bricks,  and  by  the  gen- 
eral appearance  of  the  fractured  surface. 

840.  Quality  of  Bricks. — The  absorption  of  a  very  small  per 
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cent  of  water  is  one  of  the  first  essentials  in  good  paving-bricks. 
Bricks  approaching  fire-clay  in  composition  may  absorb  from  4  to 
6  per  cent  of  water,  while  others  will  disintegrate  with  an  absorp^ 
tion  of  from  2^  to  3  per  cent. 

Weight  is  a  fair  relative  measure  of  the  quality  of  paving-bricks. 

Transverse  strength  is  sometimes  taken  as  one  of  the  tests  of 
quality,  only  in  so  far  as  it  may  be  taken  as  a  measure  of  the  re- 
sistance to  crushing  and  wear.  The  test  of  abrasion  is  also  some- 
times made. 

Tests  for  Quality. — (1)  For  absorption,  a  whole  or  a  part  of  a 
brick  is  immersed  in  water  after  being  carefully  dried  and  weighed. 
It  remains  in  water  from  1  to  3  days,  when  it  is  taken  out,  the 
sarface  water  carefully  and  quickly  removed,  and  again  weighed. 
The  gain  in  weight  is  the  weight  of  water  absorbed.  This  gain, 
divided  by  the  original  weight,  gives  the  ratio  of  absorption.  This 
should  not  be  more  than  about  2  per  cent;  as  much  as  4  per 
cent  is  sometimes  allowed,  and  in  other  in^tances  not  more  than  0.5 
per  cent. 

The  modulus  of  rupture  for  transverse  strength  is  taken  at  1600 
pounds  per  square  inch,  as  determined  by  the  usual  formula^ 
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Resistance  to  crushing  is  taken  at  from  8000  to  12,000  pounds 
per  square  inch. 

Lime  Test. — Bricks  after  immersion  in  water  for  10  days  should 
show  no  signs  of  blowing. 

Abrasion  Test,  or  test  for  toughness,  is  made  in  an  ordinary 
foundry  rumbler,  with  about  100  pounds  of  foundry  shot.  The 
wear  should  not  amount  to  more  than  \  pound  per  brick,  several 
pieces  being  tested  at  a  time.  The  Government  test  is  to  grind  two 
bricks  of  each  class  on  a  horizontal  stone  14  feet  in  diameter, 
making  28  revolutions  per  minute,  or  place  two  bricks  of  each  class 
in  a  nimbler,  for  half  an  hour,  making  28  revolutions  per  minute, 
The  percentage  of  loss  is  determined  by  weights  before  and  after 
treatment.  According  to  a  number  of  experiments,  after  8  hours' 
grinding  the  loss  was  found  to  vary  from  0.102  to  0.364  per  cent. 

The  weight  of  bricks  varies  from  5f  to  7i  pounds. 

The  following  table  gives  the  effect  of  different  temperatures  on 
the  weight  and  dimensions : 
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Tablb  LXXI. 

Oq  leaving        Ou  leaving     Burned,  not       Tr«*«:«^ 
Mill.  Drier.  Vitrified.  Vltnfled. 

Weight 6.46  lbs.  5.79  lbs.  5.08  lbs.  5.08  lbs. 

Length 8^  in.  8.0  in.  7J  in.  7}  in. 

Breadth 4^^"  4 ^  "  3J  "  Zf 

Thickness 2*  «  2i    «  %i  ''  2    « 

As  was  stated,  the  main  reliance  seems  to  be  on  the  tests  for 
absorption  and  the  presence  of  lime,  though  the  right  to  apply  any 
of  the  other  tests  is  reserved.  The  general  requirements  are  that 
the  bricks  shall  be  well  burned,  hard,  tough,  sound,  and  free  from 
clefts  or  cracks,  or  other  defects;  square  and  straight  on  the  edges; 
when  broken  the  fracture  shall  be  smooth,  uniform  in  texture, 
straight,  not  conchoidal,  nor  granular;  and  such  other  specific 
requirements  as  may  be  demanded. 

841.  Foundations. — The  same  considerations  as  repeatedly  given 
require  a  solid,  firm,  and  impervious  base  for  brick  pavements,  and 
it  is  due  to  defective  foundations  to  a  great  extent  that  such  un- 
favorable reports  have  been  made  on  the  durability  and  stability  of 
brick  pavements. 

In  all  cases  the  natural  soil  should  be  graded  and  surfaced,  and 
well  consolidated  with  heavy  rollers.  Upon  this  a  foundation  is 
laid,  the  character  of  which  varies,  but  may  be  classified  under  two 
kinds:  (1)  a  layer  of  sand  and  gravel,  or  similar  materials;  (2)  a 
layer  of  concrete. 

Out  of  a  list  of  forty-four  cities,  the  writer  has  classified  the 
character  of  the  prepared  foundations,  as  nearly  as  they  admitted 
of  it,  as  follows : 

Fourteen  have  layers  of  sand,  on  broken  stone  or  gravel,  from  1 
to  4  inches  in  thickness,  with  a  subconrse  of  brick  laid  flatwise,  or 
from  2^  to  6  inches  of  sand  with  a  course  of  brick  laid  flatwise,  and 
some  on  from  4  to  6  inches  of  sand  alone. 

Twenty  have  beds  of  broken  stone,  gravel,  or  cinders,  from  6  to 
8  inches  in  thickness. 

Ten  have  foundations  of  from  6  to  9  inches  of  cement  concrete. 

These  foundations  were  thoroughly  consolidated  by  rolling  or 
ramming. 

Over  these  a  cushion-coat  of  sand,  fine  gravel,  fine  broken  stone 
or  concrete  made  with  fine  broken  stone,  from  1  to  2  inches  in 
thickness,  was  spread,  upon  which  the  bricks  were  laid,  rolled,  or 
rammed. 
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842.  One  or  more  examples  of  actual  construction  under  special 
specifications  will  be  interesting  and  instructive. 

Richmondy  Ind, — Foundations  either  of  broken  stone  or  con- 
crete. The  natural  soil  excavated  to  level  of  required  subgrade, 
this  surface,  after  filling  all  soft  or  spongy  places  with  slag, 
broken  stone,  or  brick,  thoroughly  compacted  with  a  10-ton  roller. 
(1)  Broken-stone  foundation:  Stone  to  pass  2i-inch  ring,  covered 
with  coarse  sand  or  gravel,  then  rolled ;  thickness  after  rolling,  8 
.inches.  (2)  Concrete  foundation:  Concrete  composed  of  broken 
stone,  in  sizes  from  }  inch  to  2^  inches.  Hydraulic  cement  used  to 
show  a  tensile  strength  of  60  pounds  after  24  hours,  1  hour  in  air, 
23  hours  in  water.  Thickness  of  concrete  bed  not  given,  presuma- 
bly 8  inches.  Curbing  of  limestone  in  blocks  3  feet  long,  top  width 
5  inches,  crandall-dressed  to  depth  of  3  inches  on  back  and  12 
inches  on  front  face. 

On  either  of  these  bases  was  placed  a  cushion-coat  of  2  inches 
of  sand.  Upon  this  bricks  were  set  on  edge,  length  transverse  to 
axis  of  street,  overlap  or  bond  3  inches.  Paving  rammed  twice 
with  double  rammer  weighing  80  pounds;  blows  delivered  on  a 
drag  14  inches  square. 

Joints  filled  with  paving-pitch  of  Trinidad  asphaltum  and  coal- 
tar  cement  and  still-wax.     Surface  covered  with  i  inch  clean  sand. 
Bricks  containing  lime  must  not  "  blow  '^  after  soaking  in  water 
for  10  days;  must  not  gain  more  than  2  per  cent  in  weight  when 
immersed  in  water  for  24  hours. 

Modulus  of  transverse  strength  1600  pounds  per  square  inch. 
Chester,  Pa, — Subgrade  rolled  with  10-ton  roller  to  crowning  of 
%  inch  to  1  foot,  covered  then  with  two  3i-inch  layers  of  fine  gravel, 
rolled  separately.  Cushion,  2  inches  of  bar  sand.  Joints  filled 
with  grout  composed  of  1  Portland  cement  and  3  sand.  Surface 
covered  with  \  inch  of  wet  sand. 

Grand  Rapids,  Mich. — Foundation  of  concrete  on  6  inclies  of 
broken  stone.  Cushion  of  sand,  or  the  broken  stone  covered  with 
4  inches  of  sand  instead  of  concrete. 

Cincinnati,  Ohio, — Subgrade  rolled  with  steam-roller. weighing 
20O  pounds  per  linear  inch.  Foundation  of  concrete,  6  inches 
thick.  Cushion-coat  on  concrete  2  inches  thick  after  rolling. 
Bricks  from  8  to  10  inches  long,  4  to  5  wide,  and  3  to  4  thick. 

These  bricks  are  indented  both  top  and  bottom.  On  top  indents 
cover  at  least  10  per  cent  of  surface  and  f  inch  deep.  On  the  bot- 
tom openings  cover  not  more  than  half  the  surface,  and  must  not 


SIO  ABSTRACTS  FBOM  SPEOIPCATIONS. 


reach  nearer  the  top  surface  than  2^  inches.  This  is  filled  with 
rough  mortar^  composed  of  1  cement  and  4  coarse  sand. 

The  bricks  must  not  absorb  more  than  2  per  cent  of  water  in  72 
hours.  Bricks  laid  in  courses  transversely  to  axis  of  street,  coarse 
breaking  joints  or  overlapping  3  inches.  Bammed  tvro  or  more 
times  with  40-pound  rammers,  using  a  flatter.  Joints  filled  with 
No.  6  paving  cement. 

McKeesporty  Pa, — Subgrade  rolled  with  a  roller  weighing  1  ton 
per  foot.  Foundation  of  5  inches  of  coarse  sand  and  gravel,  well 
rolled  and  covered  with  proper  thickness  of  sharp  sand  to. bring 
surface  to  proper  elevation.  Bricks,  9x5x2^  inches,  or  10x6x3 
inches.    Joints  filled  with  hot  pitch  and  fine  sand. 

Bloomingto7i,  III, — The  road-bed  to  be  carefully  graded  and 
shaped  to  an  elevation  of  at  least  11  inches  below  the  established 
grade  surface.  After  grading  and  shaping,  it  is  thoroughly  rolled 
and  compacted  with  a  steam-roller.  Upon  this  bed  is  placed  a 
3-inch  layer  of  cinders  and  properly  rolled,  then  there  is  spread  a 
layer  of  sand  of  sufficient  thickness  to  grade  the  surface  to  a  uni- 
form shape,  regular  and  smooth  surface,  for  receiving  the  bottom 
course  of  brick. 

Upon  this  surface  a  course  of  brick  is  laid  upon  their  flat  or 
broad  surface,  with  their  lengths  parallel  to  the  axis  of  the  street, 
laid  as  close  together  as  practicable,  and  breaking  joints  in  all  direc- 
tions. Dry  and  screened  sand  is  then  spread  over  this  course  of 
brick,  and  swept  in  so  as  to  fill  all  joints.  Upon  this  is  spread  a 
cushion-coat  1  inch  thick  of  screened  sand.  Upon  this  the  top  layer 
or  paving  course  of  brick  is  laid.  This  is  laid  in  courses  across  the 
street,  breaking  joints  parallel  to  the  axis  of  the  street,  and  as  close 
together  as  practicable. 

The  bottom  course  of  brick  must  be  of  good  quality,  known  as 
"sidewalk  brick."  The  top  course  must  constitute  a  good  quality 
of  "  paving-brick,"  maintaining  uniformity  and  regularity  in  shape 
to  such  a  degree  as  will  be  consistent  with  a  first-class  pavement, 
and  render  satisfaction  to  the  engineer  in  charge.  The  top  surface 
is  covered  with  screened  sand,  and  rolled  with  a  roller  weighing  at 
least  two  tons,  the  sand  being  continually  brushed  into  the  joints 
as  the  rolling  proceeds. 

Charleston,  W,  Va. — On  the  graded  surface  is  placed  a  layer  of 
clean,  coarse  sand,  3  inches  thick,  then  a  layer  of  oak  boards  1  inch 
thick,  dipped  in  hot  coal-tar ;  on  this  a  layer  of  clean  sand  1^  inches 
thick;  on  this  cushion  is  laid  on  edge  a  layer  of  common  red  bricks, 
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herring-bone  fashion,  and  coTered  with  dry,  clean  sand^  and  sweep 
this  sand  in  the  joints  until  filled. 

Columbus^  Ohio. — ^Foundiitions  are  of  either  broken  stone  or 
concrete.  Broken  stone  not  larger  than  2^  inches  in  size  is  placed 
on  a  prepared  subgrade.  Suj£cient  sand  is  nsed  to  fill  interstices, 
when  the  mass  has  been  thoroughly  compacted  by  rolling  to  a  thick- 
ness not  less  than  8  inches.  If  more  material  is  required  the  rolled 
surface  is  loosened  to  the  depth  of  2  inches  to  receive  the  new  ma- 
terial. When  concrete  is  used,  the  layer  is  to  be  6  inches  thick, 
composed  of  1  cement,  2  sand,  mixed  dry,  then  made  into  mortar 
with  as  little  water  as  possible.  Broken  stone  not  over  2^  inches  is 
used,  so  as  to  haye  an  excess  of  mortar.  Bricks,  hard-burned,  uui- 
form  in  size,  free  from  cracks,  flaws  or  breaks. 

The  bricks  are  set  on  edge  on  a  2-inch  sand-bed,  breaking  joints 
at  least  2  inches,  rammed  with  paving-rammer  weighing  75  pounds. 
Joints  filled  with  No.  6  coal-tar  paving-cement,  or  Murphy's  grout 
filling.  The  surface  is  then  covered  with  a  half-inch  dressing  of 
clean,  coarse  sand.  No  test  required  for  quality  other  than  ap- 
proval by  those  in  charge. 

Chattanooga,  Tenn, — Laid  on  cement  concrete  foundations  cost 
•2.18  to  $2.35  i)er  square  yard.  Size  of  bricks,  2i"x4"x8i", 
comers  slightly  rounded,  used  on  grades  as  steep  as  8^  per  cent, 
somewhat  excessive;  crowning  1"  for  36'  roadway.  Subgrade  ex- 
cavated and  then  consolidated  with  rollers  weighing  5  tons,  or  with 
rammers.  This  is  11  inches  below  finished  surface.  On  this  6 
inches  concrete,  this  coated  with  a  thin  layer  of  cement  to  fill  little 
cavities  and  bring  surface  to  true  gauge.  On  this  1  inch  sand, 
then  bricks  ;  bricks  hard,  burnt  almost  to  melting-point.  No 
physical  tests  required.  Laid  on  edge  at  right  angles  to  direction 
of  street,  except  at  crossings,  where  they  are  laid  at  an  angle  of  45°, 
covered  with  coal-tar  paving-pitch,  over  which  dry  river-sand  is 
sprinkled. 

For  heavy  traffic,  best  bricks  on  concrete  foundation  and  inter- 
stices filled  with  a  composition  of  not  less  than  10  per  cent  of 
Trinidad  asphalt.  No.  6  coal-tar  paving-pitch,  and  a  proper  propor- 
tion of  still- wax.  For  lighter  traffic  the  joints  can  be  flushed  with 
paving-pitch  alone,  or  a  grout  of  2  Portland  and  1  natural  cement, 
and  3  sand.  This  costs  about  10  cents  per  square  yard.  Sprinkle 
pavement  just  before  applying  grout,  then  a  coating  of  fine  sand. 
Close  for  traffic  several  days  to  let  cement  harden.  A  sand -filler  is 
only  used  for  light  traffic.     Cost  with  pitch  filling  $1.85,  with 
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grout   filling  $1.78^   per  square  yard^  including  excavation  and 
curbing. 

The  Bucyrus  pavement  is  prepared  by  sprinkling  and  rolling 
subgrade  with  a  10-ton  roller.  When  concrete  is  not  used,  either 
broken  sandstone  or  limestone,  or  two  3-inch  courses  of  clean 
gnivel,  are  used.     Size  of  bricks,  8"  X  4"  X  2i"  to  9"  X  4^"  x  3". 

Sometimes  a  bed  of  unscreened  gravel  or  crushed  sandstone  or 
limestone  is  spread  on  subgrade  and  rolled  to  4  inches  thickness; 
on  this  a  2-inch  layer  ot  sand,  on  which  is  laid  common  hard- 
burned  brick  close  together,  with  length  parallel  to  direction  of 
street;  on  this  1^  inches  sand,  on  which  is  placed  the  vitrified 
brick.  Fine  screened  sand  is  then  cast  over  the  surface,  then 
rolled  twice  with  a  5-ton  roller,  and  afterward  with  an  8-ton  roller 
until  smooth.     Sandstone  curbing,  4'  x  5"  x  20". 

Louisville, — Concrete  foundation,  6  inches  thick;  90  per  cent 
of  cement  to  pass  a  sieve  of  2500  meshes,  and  cement  must  have 
tensile  strength  of  50  pounds  after  twenty-four  hours  in  air.  A 
3-inch  layer  of  sand  is  6])read  for  the  brick.  Absorption  test  alone 
required.  A  half  brick  thoroughly  dried  must  not  absorb  as  much 
as  4  per  cent  in  weight  after  seventy-two  hours  of  immersion  in 
water.  The  paving  is  covered  with  sand  swept  into  the  joints,  sur- 
face rammed,  and  joints  filled  with  Nos.  5  or  6  paver's  cement;  the 
surface  then  covered  with  a  ^-inch  layer  of  sand. 

Parkershurg. — Excavation  to  subgrade,  14  inches.  Earth  con- 
solidated with  a  roller  weighing  five  tons.  Then  two  layers,  of  4^ 
inches  in  thickness,  of  disintegrated-rock  sand.  Roll  each  layer 
with  a  5-ton  roller.  A  cushion-coat,  2  inches  in  thickness,  of  river- 
sand  is  used,  on  which  the  bricks  are  laid.  Portland-cement  grout 
is  poured  into  the  joints.  The  surface  is  then  covered  with  sand, 
which  is  swept  into  joints;  finally,  a  ^-inch  finishing-coat  of  sand 
is  placed. 

Paver's  pitch  or  Murphy's  grout  is  used.  Rollers  weigh  from 
250  to  300  pounds  per  linear  inch,  or  a  10-ton  roller.  Bricks 
varying  in  specific  gravity  fro^  2.2  to  2.4;  absorption  from  2  per 
cent  to  0.46  per  cent. 

Resistance  to  crushing,  12,000  pounds  per  square  inch.  A  con- 
crete composed  of  175  pounds  cement,  5  cubic  feet  of  bank  sand, 
and  12 J  cubic  feet  of  broken  stone  or  slag  will  cover  3^  square 
yards  of  base  6  inches  in  thickness. 

Cafifofif  Ohio. — Excavation  to  a  depth  14  inches  below  paved 
surface;  bed  surfaced  and  rolled.  Foundation  of  crushed  stone, 
flnslie(l  with  sand  and   rolled  to  8  inches  thickness  with  10-ton 
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roller.  Or  a  concrete  base  8  inches  thick  is  used,  cushion-coat  of 
sand  1  inch  in  thickness,  and  rolled  with  5-ton  roller;  joints  filled 
with  paver's  pitch  or  sand.  Finally,  a  finishing-coat  of  sand  1  inch 
in  thickness  is  spread. 

The  following  table  gives  the  itemized  cost  of  three  grades  of 
bricks. 

Tablb  LXXII. 

Standard       Repressed      Metropolitan 
Cost  of^  Brick,  brick,  Bnck, 

per  sq.  yd.     per  sq.  yd.       per  sq.  yd. 

Grading $0.12  10.12  $0.12 

Rolling  and  surfacing 0.03  0.03  0.03 

Crushed  stone 0.40  0.40  0.40 

Sand  and  rolling 0.05  0.05  0.05 

Sand  cushion 0.05  0.05  0.05 

Bricks 0.58  0.67  0.61 

Laying 0.07  0.07  0.07 

Paver's  pitch 0.20  0.20  0.20 

Eolling  and  safld 0.02  0.02  0.02 

Contractor's  profit 0.15  0.16  0.16 

Total  cost  per  square  yard  $1.67  $1.77  $1.71 

Out  of  a  list  of  47  cases  the  joint  filling  was  as  follows:  12  have 
tar  filling,  5  cement  grout,  27  sand,  2  tar  and  sand,  1  tar  and 
grout. 

Cost  varied  from  $1.30  to  $2.75  per  square  yard.  Average,  $1.80 
per  square  yard. 

843.  Pavements  are  thus  destroyed:  (1)  Crushing  by  wheel 
weight;  (2)  abrasion  by  friction  of  wheels  and  slipping  of  horses' 
feet ;  (3)  impact  of  passing  weights  and  from  shoes  of  horses.  Es- 
timated life  under  light  traffic,  from  35  to  40  years;  medium,  20  to 
25  years;  heavy,  10  to  15  years. 

For  Light  Traffic, — Broken  stone,  sand,  and  gravel;  sand  with 
a  layer  of  bricks  on  fiat  sides;  or  6  inches  of  concrete,  will  make  a 
good  foundation. 

For  Medium  Traffic. — Broken  stone  or  gravel  9  inches  thick; 
6  inches  stone  or  gravel,  with  bricks  on  flat  sides,  bedded  in  sand ; 
or  6  inches  of  concrete. 

For  Heavy  Traffic. — Not  less  than  12  inches  of  broken  stone  or 
gravel,  or  9  inches  of  concrete,  have  proved  satisfactory. 
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All  Boila  retentive  of  water  nmst  be  thoroughly  drained.  Cush- 
iott-coats  of  Hand,  clean,  sharp,  and  dry. 

In  BtreetB  occupied  by  railway  tracks,  Btoue  paving  blocks,  laid 
header  and  stretcher  on  concrete  foundations  to  depth  of  cru^s- 
ties,  filled  in  between  paving  and  rail  with  Portland-cement  grouL 
With  girder  raile,  the  epace  between  head  and  base  of  rail  filled 
with  white-pine  strips,  to  give  good  bearing  for  pavement. 

The  centre  riae  or  crowning  of  brick  pavements  varies  in  differ- 
ent cities,  but  may  be  taken  at  1  in  20. 

In  Figs.  302,  figure  (a)  shows  section  of  brick  pavement  with 
plank  and  sand  foundation;  {b),  plan  of  same;  (c),  brick  ou  con- 
crete foundation.  Figure  {d)  shows  plan  of  brick  pavement  at 
t  intersection. 


Fios.  802  (a),  (b).  (e),  (d), 

844.  The  following  abstract  from  the  report  of  Messrs.  Bering 
and  Rosewater  on  the  pavements,  sewers,  and  drainage  of  the  citj 
of  Dnlnth,  Minn.,  will  be  interesting  and  instructive  (for  report  on 
Sewers,  see  Art.  XLVII,  paragraph  754) : 

The  difficulties  of  street  paving  and  drainage  arise  espectallT 
from  the  very  steep  gradea  found  in  this  city. 

It  was  recommended  that  the  proper  prevention  for  washonta 
on  steep  grades  was  the  use  of  the  best  permanent  pavements,  or 
by  reducing  the  quantity  of  storm-water  running  down  the  ave- 
nues. To  accomplish  the  latter  purpose,  the  construction  of  catch- 
basins,  and  direct  conveyance  of  the  water  from  these  to  the  natural 
watercourses  is  advised. 

"  The  sectional  forms  of  streets,  avenues,  and  alleys  at  inter- 
secting points  are  more  or  less  dependent  upon  the  grades  auiJ 
upon  the  relative  proximity  to  the  business  or  residence  sections  o( 
the  city.  At  the  intersection  of  avenues  with  streets  in  the  busi- 
ness portion  of  the  city  the  limits  of  gradients  for  crossings  most 
he  lens  than  in  the  residence  portion.     In  both  cases  cerlaiu  pre- 
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scribed  limits  of  form  are  essential  to  the  requirements  of  traffic 
and  drainage. 

''  Upon  all  streets  and  avenues  in  the  city^  except  in  the  busi- 
ness section,  the  curb  grades  should  be  unbroken  between  intersect- 
ing curbs. 

**  In  the  business  section  of  the  city  the  lines  of  curb  grades, 
when  exceeding  8  per  cent,  should  be  broken  at  the  street  or 
property  line. 

**  All  street-crossings,  from  the  curb  on  one  side  to  the  curb  on 
the  other,  irrespective  of  location,  should  be  designed  on  the  basis 
of  a  23-per-cent  slope,  except  when  the  slope  of  intersecting  streets 
or  avenues  is  less,  in  which  case  the  grades  shall  be  continued  un- 
broken over  the  crossings. 

**  In  determining  the  height  of  the  block-comers  the  elevation 
of  the  curbs  at  the  two  opposite  points  should  be  added  to  the  rise 
of  the  two  walks  from  their  respective  curbs  to  the  corner,  on  the 
basis  of  2^  per  cent  inclinations,  which  sum  divided  by  2  will  give 
the  desired  elevation.  In  other  words,  the  block-corner  shall  have 
an  average  of  the  elevations  determined  from  the  two  opposite 
curbs,  after  allowing  the  usual  rise  in  the  walks  of  \  inch  per  foot, 
across  their  width. 

"  Upon  steep  grades,  to  facilitate  the  entry  of  vehicles  to  the 
alleys,  made  difficult  by  the  side  slope  of  the  avenues,  it  will  be  best 
to  reduce  the  alley  width  across  the  sidewalks  from  20  feet  to  10 
feet.  After  allowing  for  1  foot  slope  across  this  latter  width,  iu- 
orease  the  grade  of  a  portion  of  the  curb  and  walk  on  each  side  of 
the  alley  opening,  and  if  necessary  provide  steps,  otherwise  the 
entry  to  the  alleys  will  be  hazardous." 

**  TJpon  steep  avenues  already  graded  and  paved  the  accumulation 
fioT^  of  water  at  the  gutter-lines  is  so  great  that  stones  ranging  in 
diameter  from  8  inches  down  to  ordinary  gravel  move  toward  the 
inlet  with  such  velocity  that  only  the  largest  of  these  stones  are 
successfully  kept  out  of  the  sewers  by  the  intercepting  inlet-bars. 
To  prevent  this  there  are  two  remedies  feasible.  One  of  these  is  to 
cover  the  gutters  along  their  entire  lines  with  wooden  gratings,  as 
shown  in  Fig.  295(a).  The  cost  of  such  coverings  will  be  from  15 
to  25  cents  per  linear  foot. 

^'The  other  remedy  is  to  reduce  the  depth  of  volume  and 
Telocity  of  flow  on  the  surface  by  eliminating  the  crown  and  gut- 
ters of  the  avenue,  and  making  them  practically  flat.  The  first 
remedy  is  suggested  for  those  streets  already  paved  or  curbed  and 
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guttered,  and  the  other  for  avenues  not  yet  improved,  and  in  con- 
nection with  catch-basins. 

"  Where  streets  or  avenues  have  inclinations  exceeding  16  per 
cent  they  are  practically  useless  as  thoroughfares/'  The  lots  in 
the  centre  of  blocks  can  be  reached  by  building  a  wall  across  the 
avenue,  cutting  down  on  one  face  and  filling  up  behind  the  other, 
so  that  practicable  grades  can  be  made  on  each  side  of  this  dividin;^ 
wall.  The  rear  of  the  lots  on  one  side  can  be  reached  from  one 
direction,  and  those  on  the  other  from  the  opposite  direction. 
Steps  are  provided  to  descend  from  the  top  of  the  wall  to  the  lower 
level  for  foot-passengers.  This  plan  is  recommended  on  streets 
having  from  16  to  32  per  cent  natural  grades.  Also,  the  width  of 
the  roadway  should  be  reduced  to  30  feet,  and  the  sidewalks 
widened  proportionally,  with  a  saving  of  28  per  cent  in  the  cost. 

After  impressing  the  importance  of  a  solid  and  unyielding  foun- 
dation, whatever  kind  of  paving  material  is  used,  the  report  says: 

"  The  selection  of  economical  paving  material  should  be  based 
upon  a  due  consideration  of  the  bed  and  gradients  of  the  streets  or 
avenues  to  be  paved,  and  of  the  available  facilities  for  efficient 
drainage.  With  clay  or  rock  beds  and  light  gradients,  either  sand, 
gravel,  broken  stone,  or  concrete  can  be  used  with  reasonable  assur- 
ance of  good  results/'  The  order  of  preference  for  foundations  is: 
1st,  concrete;  2d,  broken  stone,  forming  a  bed  of  compact  layers; 
3d,  gravel;  and  4th  and  last,  sand.  On  steep  grades  foundations  of 
concrete  or  broken  stone  should  be  used;  on  low  or  filled-in  ground 
broken  stone  or  gravel  will  do  well.  Sand  should  only  be  used  as  a 
foundation  upon  the  more  level  roads  having  a  compact  natural 
bed.  Where  there  is  danger  of  moisture  penetrating  the  road-bed, 
a  line  of  blind  drains  should  be  laid  below  the  curbs,  discharging 
into  the  corner  inlets. 

To  prevent  the  foundation  from  sliding  on  steep  gradients,  they 
should  be  anchored  at  suitable  intervals  by  concrete  ribs  or  bars,  of 
from  6  to  12  inches  in  depth  below  the  concrete  base,  placed  across 
the  avenue. 

"  The  character  of  the  wearing  surface  or  paving  material  to  be 
selected,  and  the  method  of  its  preparation,  depends  largely  upon 
the  price  of  the  material  available  for  such  purposes,  its  adapta- 
bility to  the  gradients  of  the  surface  to  be  paved,  its  relative  dura- 
bility, its  liability  to  derangement  after  being  laid,  the  cost  of 
maintenance,  and  upon  the  liability  to  interfere  with  the  drainage. 
To  meet  the  requirements  of  travel  a  paved  surface  must  be  favora- 
ble to  the  easv  movement  of  horses  and  vehicles.     It  must  be  able 
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to  resist  the  disiutegratiug  effects  of  the  elements  for  a  reasonable 
number  of  years;  for  sanitary  reasons  it  must  be  capable  of  ready 
<ileansing,  and,  lastly,  it  should  admit  of  being  easily  repaired  at 
reasonable  cost. 

''To  be  favorable  to  the  easy  moyement  of  horses  and  vehicles 
the  pavement  must  afford  a  secure  foothold  to  the  horse,  must  admit 
of  such  rapid  transit  as  the  gradients  of  the  roadway  will  allow,  with 
the  minimum  jarring  of  the  wheels,  and  in  connection  with  the 
most  effective  foothold,  must  develop  the  least  resistance  to  trac- 
tion. In  other  words,  for  light  vehicle  traffic  the  pavement  must 
admit  of  the  best  attainable  speed.  It  must  be  as  noiseless  as  pos- 
sible, and  produce  the  minimum  amount  of  jarring  to  the  vehicles/' 
For  the  gradients  of  the  streets  of  Duluth,  reaching,  as  they  do, 
32  per  cent,  the  following  pavements  are  recommended  within 
the  limits  named : 

Stone. — On  grades  of  10  per  cent  or  less: 

Rectangular  stone  blocks  of  the  usual  size  and  pattern,  with 
sand  joints,  to  be  laid  on  a  foundation  of  concrete  or  broken  stone. 
Cost,  per  square  yard,  $2.75  to  $3.25. 

On  grades  exceeding  10  per  cent : 

(1)  Rectangular  stone  blocks, 
ranging  from  3^  to  4  inches  in  width, 
and  chamfered  on  the  upper  edges,  as 
shown  in  Fig.  303(a),  in  order  to  se- 
cure good  foothold  for  horses.  Cost, 
if  laid  on  broken  stone,  per  square 
yard,  $2.75  to  $3.25;  if  laid  on  con- 
crete, per  square  yard,  $3  to  $3.50. 

(2)  Kidney  or  cobble  stones  (see 
Fig.  303 (ft)),  selected  of  nearly  equal 
sizes,  not  exceeding  3  inches  in 
thickness,  laid  on  a. concrete  foun- 
dation, and  set  in  cement  mortar. 
Cost  per  square  yard,  $2  to  $2.50. 

Brick. — On  grades  up  to  6  per 
cent: 

Best  paving-brick,  laid  on  con- 
crete. Cost,  per  square  yard,  $2.25 
to  $2.75. 

On  grades  exceeding  6  per  cent : 

Best  paving-brick  of  the  special  form  shown  in  Fig.  303(c),  laid 
on  a  concrete  foundation.     Cost  per  square  yard,  $2.50  to  $3. 
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Sheet  AsphaUum. — On  grades  less  than  4  per  cent: 

Laid  on  concrete  foundation.  Cost  per  square  yard  and  maiote- 
nance  for  five  years^  $2.25  to  $3;  or^  if  maintained  for  10  years,  tS 
to  $3.50. 

Wood. — On  grades  less  than  6  per  cent : 

Ordinary  round  cedar  blocks:  laid  on  concrete.  Cost  per  square 
yard,  $1.80  to  $2;  laid  on  broken  stone  and  boards^  $1.50  to  11.60. 

Rectangular  pine  blocks  of  usual  form  and  size^  laid  on  ooncrete 
foundation.     Cost  per  square  yard,  $2.25  to  $2.40. 

On  grades  above  6  per  cent : 

Round  cedar  blocks,  from  4  to  5  inches  in  diameter,  and  cham- 
fered to  a  diameter  of  3  inches  at  top  (see  Fig.  303(/) ),  laid  on 
concrete.     Cost  per  square  yard,  $2  to  $2.25. 

Rectangular  pine  blocks  with  chamfered  edges  (see  Figs.  303 
(d),  {e)  ),  or  plain  with  a  width  of  3  or  3^  inches,  and  set  with  1  to 
li-inch  joints,  both  laid  on  concrete.  Cost  per  square  yard,  $2.40 
to  $2.60. 

In  order  to  realize  the  advantages  of  the  chamfered  blocks 
and  wide  joints  for  the  purpose  of  affording  a  foothold  on  steep 
grades,  it  is  important  that  the  pavements  be  frequently  swept  and 
the  grooves  between  the  blocks  be  kept  open. 

While  macadam  and  telford  pavements  possess  unexcelled  merits 
as  roadways,  the  expense  of  maintenance  places  them,  together  with 
gravel-surfaced  roads,  in  the  list  of  temporary  pavements.  In  view 
of  the  constant  tendency  of  their  component  parts  to  wash  into  the 
gutters  and  inlets,  their  use  is  not  advisable  for  steep  grades.  How- 
ever, if  the  upper  layer  of  either  of  these  pavements  is  treated  with 
coal-tar,  binding  the  parts  together,  it  is  possible  that  they  will 
meet  satisfactorily  all  the  demands  of  a  temporary  pavement  for 
gradients  up  to  16  per  cent. 

For  grades  exceeding  10  per  cent  the  following  are  suggested: 

(1)  Rectangular  stone  blocks  with  chamfered  edges;  (2)  kidney 
or  cobble  stones;  (3)  best  hard  and  tough  paving-brick,  of  special 
form;  (4)  cedar  blocks  with  chamfered  edges;  (5)  pine  blocks  with 
chamfered  edges  or  wide  joints.  The  chamfered  stone  blocks  con- 
sidered best,  but  most  expensive;  the  pine  blocks  the  least  desira- 
ble, because  the  least  durable. 

845.  The  following  costs  are  taken  from  an  extended  list  daring 
the  years  1889  to  1892,  both  inclusive.  The  table  gives  the  least 
and  greatest,  and  also  the  average. 
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Tablb  LXXII  (A). 

TABLE  OF  G08T  OF  STREET  FAYBHENT  AKD  SEWERS. 


Cla88  of  Work. 


£artb  excavation,  cu.  yds 

Rock  •'  "       

Borrow      '•  **       

Gravel  and  rolling,   **      

Loam,  cu.  yds 

Telford  macadam,  sq.  yds 

Cedar  block  on  concrete,  sq.  yds 

.«      "  sand,  "      

Rough  stone  paving,  gutters,  sq.  yds.. .. 
**  "        m  cement,  sq.  yds. 

Pine  timber  in  place,  per  1000  ft 

Oak       "       •'      **  "       

Piles  in  place,  per  lin.  ft 

Gmnite  curb,  per  liu.  ft . . 

Sandstone  curb,  per  lin.  ft 

Tar,  per  gallon 

Removing  and  relaying  sidewalks,  lin.  ft. 

Cast  iron,  per  pound 

£arth  excavatiou  in  sewers,  cu.  yds.  . 

Rock  ••  •'      •* 

24- in.  pipe  in  concrete,  lin.  ft 

21  in.     "    *' 

20-in.  sewer  pipe  in  concrete,  lin.  ft. . . . 

18-in. 

15-in.      *•       '*     in  sand,  lin.  ft 

13-111. 

10-in. 

9-in. 

8-iii. 
6-in. 

Sewer  brick,  per  1000 

Cut- stone  masonry,  cu.  yds 

Common  nibble-masonry,  cu.  yds 

Portland  cement  rubble- mason ry,cu. yds. 

Pene-bammered  work,  sq.  ft 

No.  1  intakes 
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8  catch-basins 

Manholes 

Lnmpboles 

lalets,  i  bends 

Portland  cement  concrete,  cu.  yds 

American     **  **  *'       

Lampholes,  lin.  ft 

Flush-tanks 

Bhiestone  flagging,  sq.  ft.   

Crosswalk,  lin.  ft 

Cobble  gutter,  sq.  ft 

20-iuch  bhiestone  curb 

Cost  of  brick  pavement  on  concrete  per 
"  asphalt • 


Min: 


fO.lO 

0.50 

0.20 

0.40 

0.40 

0.65 

1.47 

0.88 

0.50 

1.20 

15.00 

81.00 

0.1 6i 

'0.88^ 

0,60 

0.10 

0.04 

0.04 

0.20 

0.50 

1.25 

1.00 

1.00 

0.85 

0.30 

0.30 

0.16 

0.16 

0.15 

0.10 

17.00 

13.00 

0  80 

6.00 

O.IO 

30.00 

20.00 

40.00 

30.00 

40.00 

25.00 

1.00 

0.25 

10.00 

7,00 


Max.    Average. 


90.60. 

5.00' 

0.611 

1.25, 

1.50; 

1  60 

1.801 

1.25 

1.28| 

2.50 

25.00 

45.00 

0.41 

1.40 

1.00 

0.14 

0.20 

0.25 

1.00 

12.50 

3.00 

4.00 

2.50 

2.00 

1.10 

0.75 

0.76 

0.62 

0.70 

0  25 

80.00 

25.00 

7.50 

7.50 

1.00 

60.00 

60.00 

50.00 

70.00 

80.00 

95.00 

30.00 

8.00 

10  00 

7.00 


sq.  yd 


10.82 
1.52 
0.85i 

0.9U 
0.63 

0.76i 
1.68i 
1.04i 
0.02 
1.32 
18.36 
39.00 
0.25i 
1 .22i 
0.77 
0.12 
0.10 
0.04i 
056 
3.61 
2.47 
2.46 
1.94 
1.65 
0.66 
0.41 
0.38 

o.m 

0.31 

0.19 

19.60 

21.12 

4.17A 

5.93i 

0.56i 

45.09 

89.28 

45.  UO 

51.66 

60.00 

52.48 

18  37 

1.23 

10.00 

7.00 


Min. 


$0.18 
0.40 


0.48 
15.00 
0.20 


1.20 
1.57 

1  85 
1.20 
0.79 
065 
0.55 

0.40 
0.25 
7.00 

3.00 


76.00 
26.00 


ICaz. 


$0.30 
1.50 


0.60 

90.00 

0.50 


8.00 
2.00 

1.80 
2.00 
1.35 
1.25 
0.70 

0.68 

0.41 

18  00 

7.50 


155.00 
30.00 


*t 


1 1 


0.15 

0.40 

55.00 

160.00 

0.1 3i 

0.15 

0.80 

1.25 

0.03 

0  13 

0.25 

0.4H 

1.37 

1.9:5 

2.25 

2.80 
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Various  constructions  of  macadam  and  telford  pavements  from 
$0.58^  to  10.91  per  sq.  yd. 

8454.  Creosoting  Plant. — The  growing  demand  for  creosoted 
timber  for  many  purposes,  such  as  piles,  bridge  timbers,  paying- 
blocks  for  streets,  etc.,  has  led  to  the  construction  of  many  plants. 
The  following  is  a  brief  description  of  the  plant  for  the  Wharf 
Company,  Galveston,  Texas: 

The  treating  cylinder  is  made  of  steel  having  a  tensile  strength 
of  60,000  pounds  per  square  inch.  It  is  9  feet  in  diameter  and  100 
feet  long,  exclusive  of  hemispherical  doors  at  the  ends.  The  follow- 
ing method  applies  especially  to  the  treatment  for  paving-blocks. 
The  cage-cars,  each  of  which  holds  5000  feet  B.M.  in  blocks,  six 
in  number,  are  coupled  together  and  run  into  the  cylinder  on  a 
track  the  level  of  which  is  the  same  inside  and  outside  of  the  cyhn- 
der,  the  connection  between  the  two  being  made  by  movable  beams. 
The  inside  track  consists  of  40-pound  rails  supported  on  brackets 
fastened  to  the  shell  of  the  cylinder.  The  six  cars  contaiuiug 
30,000  feet  B.M.  of  blocks  are  run  into  the  cylinder,  the  mova- 
ble stringers  removed,  and  the  end  doors  closed  and  bolted.  The 
doors  fit  into  an  annular  groove  in  which  a  gasket  of  heavy  belting 
is  fitted  in  order  to  make  a  tight  joint. 

The  timber  is  seasoned  by  ptissing  steam  superheated  to  700° 
Fahr.  through  6000  linear  feet  of  1-inch  heating-coils  inside  of  the 
cylinder,  while  a  vacuum  of  15  to  20  inches  is  maintained  outside 
of  the  coils.  After  seasoning  the  creosote-oil  is  admitted  until  the 
cylinder  is  filled.  This  is  accomplished  by  means  of  a  15-inch  pipe 
leading  from  an  elevated  storage-tank,  the  capacity  of  which  is 
71,500  gallons.  This  pipe  leads  into  a  12-inch  branch  which 
delivers  the  oil  to  the  cylinder  through  four  8-inch  valves  in  its 
bottom.  After  thus  filling  the  cylinder,  which  requires  six  minutes, 
the  valves  are  closed.  An  additional  quantity  of  oil  is  then  forced 
in  by  means  of  a  pressure-pump.  To  determine  this  additional 
quantity,  the  free  or  unoccupied  space  in  the  cylinder  is  found  by 
subtracting  from  the  interior  capacity  the  volume  of  displacement 
of  blocks  and  cage-cars  reduced  to  gallons.  To  this  space  add  the 
number  of  gallons  to  be  forced  into  the  blocks  on  a  basis  of  10 
gallons  per  cubic  foot  of  blocks,  which  gives  the  total  number  of 
gallons  to  be  delivered  to  the  cylinder.  This  is  indicated  by  a  glance 
at  a  gauge  connected  with  the  storage- tanks.  The  pumps  are  then 
stopped,  the  oil  withdrawn  from  the  cylinder,  and  pumped  into  the 
storage-tank  to  be  used  again,  the  train  of  cars  is  run  out,  and 
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another   train   run  in.    The  daily  output  is  60,000  feet  B.M.  in 
blocks. 

These  blocks  are  5  x  6  inches  in  section,  6,  8,  or  10  inches  long, 
of  heart  yellow  pine.    A  guaranty  of  10  years'  wear  is  given. 

TRAMWAYS. 

846.  Tramways,  as  usually  understood,  consist  of  two  parallel 
Lines  of  broad  stones  placed  at  a  distance  apart  equal  to  width 
between  the  wheels  of  yehicles.  These  wheelways  were  placed 
either  in  the  middle  of  the  street  or  on  one  or  both  sides  of  the 
middle,  the  obyious  advantage  being  a  reduction  of  tractive  effort 
while  giving  a  good  foothold  for  horses.  The  friction  of  the  wheel- 
way  surface  is  only  about  y^  of  the  load,  or  about  one  half  that  of 
the  best  block  pavement.  The  rest  of  the  surface  is  covered  or 
paved  in  any  of  the  ways  already  described. 

Such  tramways,  however  advantageous  in  many  respects,  have 
practically  fallen  into  disuse  in  this  country.  They  can,  however, 
be  advantageously  used  on  steep  grades,  as  described  in  paragraph 
819. 

It  is  not  necessary  or  desirable  that  the  surfaces  of  the  tramway 
stones  should  be  perfectly  smoothed  on  top.  They  are  expensive  to 
construct. 

846^.  The  nearest  approach  to  tramways  now  used  to  any  great 
extent  is  the  street-car  tracks.  Street-car  tracks  are  constructed 
commonly  with  rails  having  a  flat  surface  wide  enough  to  carry 
easily  the  wheel-tires  of  vehicles,  with  a  raised  head  at  one  side  to 
guide  and  support  the  car- wheels. 

These  rails  are  commonly  spiked* or  bolted  to  continuous  longi- 
tudinal timbers  placed  under  them.  These  timbers  are  bedded 
either  in  a  layer  of  concrete  or  broken  stone,  or  cinder  or  ballast. 
To  preserve  the  gauge  of  the  track,  cross-ties  are  framed  into  the 
lon^tndinal  timbers,  usually  near  the  bottom;  also  transverse  ten- 
sion rods  are  used  to  tie  the  rods  together  The  usual  and  desired 
pavements  are  laid.  The  methods  of  uniting  these  to  the  tracks 
have  already  been  explained. 

Such  construction  was  required  with  the  slow-moving,  easily- 
stopped  horse-cars,  and  were  constantly  used  by  ordinary  vehicles. 
With  the  rapidly  moving  cable-cars  and  cars  run  by  electricity  it 
is  not  safe  for  ordinary  vehicles  to  use  the  same  track.  The  two 
niethods   of  carrying  traffic  seriously   conflict  with   each  other. 
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resulting  in  delays  and  inconvenience,  besides  the  danger  to  life 
incurred;  and  the  most  important  question  of  street  improvement 
and  use  is  to  devise  some  means  of  removing  all  so-called  street- 
cars from  the  surface,  either  by  raising  their  tracks  well  above  the 
streets,  or  on  elevated  railroads,  as  they  are  called,  or  by  transferring 
tliem  to  tunnels  constructed  under  the  streets. 

847.  Using  the  ordinary  formed  or  girder  rail,  street-car  tracks, 
whatever  may  be  the  motive  power,  can  be  constructed  similarly  to 
railway  tracks,  that  is,  with  rails  supported  on  cross-ties  imbedded 
in  ballast  of  any  kind.  The  tram-rail  has  not  sufficient  stiffness, 
and  must  be  supported  by  a  continuous  timber. 

848.  The  ordinary  cable  road  requires  a  special  construction 
owing  to  the  character  of  the  motive  power  and  the  method  of 
communicating  motion  to  the  cars.  The  power  is  exerted  through 
an  endless  cable  kept  in  constant  motion  by  powerful  steam- 
engines  located  permanently  at  one  end  of  the  line.  This  cable  is 
placed  in  an  underground  conduit  and  supported  at  intervals  on 
pulleys  or  rollers. 

849.  Cross-section  of  Conduit, — There  are  several  types  of  con- 
duit, both  as  regards  the  figures  of  the  cross-section  and  the  char- 
acter of  materials  and  construction  adopted. 

850.  The  essential  requirements  are  an  underground  tube  or 
conduit  having  sufficient  clear  space  to  allow  an  unobstructed  mo- 
tion to  the  cable,  ample  room  for  the  passage  of  the  grip-frame 
and  for  the  necessary  supports  and  pulleys  required  to  guide  and 
maintain  the  cable  in  its  proper  relative  position. 

The  circular  cross-section  is  not  well  adapted  for  the  purpose,  as 
greater  depth  than  width  is  desirable. 

The  egg-shaped  section,  with  the  small  end  up,  is  well  suited,  as 
it  gives  a  good  depth  with  a  reasonable  average  width,  and  affords 
a  large  bottom  fepace  for  the  deposit  of  mud  or  dust.  A  section 
having  the  form  of  a  circular  sector  with  the  curved  base  down 
answers  the  same  purpose.  Both  of  these  sections  taper  towards 
the  slot-beams,  between  which  the  grip-bars  and  frames  pass. 

An  irregular  cross-section  adapted  to  give  free  motion  to  all 
moving  parts,  with  special  spaces  for  pulleys  and  their  supports,  is 
conducive  to  economy  of  material  in  the  side  walls  and  bottom  of 
the  conduit,  but  is  probably  more  expensive  to  construct. 

851.  Materials  used  in  Construction, — Solid  cast-iron  tubes 
with  a  slot  left  in  the  top  have  been  used.  These  proved  both  ex- 
pensive and  unsatisfactory. 
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Wrought-iiou  tubes,  formed  of  angle^irons  bent  to  the  curve 
of  the  sides  of  the  conduit,  converging  toward  the  axial  line  at  the 
top  in  order  to  support  the  slot-beams,  fastened  at  their  bottom 
extremities  to  transverse  ribs  of  iron,  and  lined  throughout  with 
iron  plate,  the  angle-iron  ribs  being  spaced  from  2  to  4  feet 
apart,  have  been  used.  Concrete  or  ballast  is  packed  on  the  out- 
side. In  some  cases  a  similar  construction  has  been  made  of  wood. 
In  the  above  three  cases  the  rails  are  supported  on  the  ends  of 
brackets  formed  of  iron  or  timber,  and  fastened  to  the  walls  of  the 
tube  or  conduit.  Generally  these  brackets  consist  of  inclined 
struts  resting  against  the  base  of  the  tube,  and  horizontal  ties  fast- 
ened to  the  slot-beams.  The  rails  either  rest  on  longitudinal 
stringers  placed  on  the  brackets,  or  if  of  the  girder  type  they  rest 
directly  on  plates  or  chairs  fixed  to  the  brackets.  The  distances 
apart  of  the  brackets,  or  yokes,  as  they  are  called,  depend  upon  the 
depths  of  the  stringers  or  rails;  usually,  however,  they  are  from  3 
to  4  feet. 

At  the  present  time  the  common  practice  is  to  use  concrete  for 
the  bottom  and  side  walls  of  the  conduit,  the  inner  surface  moulded 
to  proper  form  by  a  temporary  timber  lining.  At  intervals  of  3  or 
4  feet  iron  open-work  frames  or  yokes  are  built  in  the  concrete, 
which  support  both  the  slot-beams  and  rails,  thereby  keeping 
slot  beams  and  rails  in  their  proper  relative  positions. 

The  outer  surface  of  the  concrete  is  built  against  the  natural 
earth  forming  the  sides  of  the  excavation.  A  small  semicircular 
drain  along  the  axis  of  the  conduit  between  the  yokes  will  serve  as 
a  place  of  deposit  for  mud  and  dirt.  The  entire  inner  surface 
smoothed  over  facilitates  the  cleaning  out  of  the  conduit. 

As  substitutes  for  the  yokes  as  described,  old  rails  (say  60  lbs. 
per  yard)  have  been  bent  so  as  to  reach  from  rail  to  rail  while 
passing  under  the  bottom  of  the  conduit,  and  special  ribs  of  iron 
are  c6nnected  with  these  and  conforming  to  the  curve  of  the  inner 
surface  of  the  conduit,  their  upper  ends  supporting  the  slot-beams 
and  fastened  to  the  outer  and  upper  ends  of  the  bent  rail,  upon 
which  track  rails  are  supported;  the  whole  framework  imbedded 
in  concrete  as  already  described.  Such  cheap  expedients  can 
hardly  be  recommended. 

862.  Cable, — The  cable  is  made  of  wire,  and  is  from  IJ  to  1^ 
inches  in  diameter;  it  moves  with  a  speed  varying  in  different 
cities,  and  in  the  same  city,  according  as  the  track  is  along  business 
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•or  thickly-settled  districts,  or  in  the  outskirts,  from  4  to  13  or 
more  miles  per  hour.  The  cable  passes  from  the  power-house  into 
the  conduit,  where  on  straight  and  level  portions  of  the  line  it 
rests  on  grooved  wheels  or  pulleys  turning  upon  horizontal  axes, 
and  placed  at  reasonable  distances  apart  so  as  to  prevent  too  great 
sag  or  depression  of  the  cable,  and  returns  to  the  power-station 
along  another  conduit.  In  curving  around  the  corners  of  streets  it 
is  made  to  keep  the  curve  by  a  series  of  grooved  wheels  turning  on 
vertical  axes  placed  on  the  side  and  at  the  proper  elevations  in  the 
conduit.  In  passing  over  a  depression  along  the  line  either  the 
cable  must  bear  against  and  slide  along  the  slot-beams,  causing 
great  wear  on  it,  or  it  must  be  held  down  by  some  kind  of  a  frame 
turning  on  a  pin  or  pivot,  so  that  it  can  be  easily  pushed  aside, 
and  be  so  acted  upon  by  a  spring  or  other  device  that  it  will  return 
to  its  place  as  soon  as  the  grip-f ralne  passes  on.  The  grip-frame 
is  so  adjusted  that  it  lifts  the  cable  above  the  pulleys  on  the 
straight  portions  of  the  line,  and  thus  allows  the  bottom  bar  or 
jaw  of  the  grip  to  pass  over  each  pulley,  the  cable  immediately 
dropping  back  on  the  pulley,  and  it  passes  readily  around  the  hori- 
zontal pulleys  on  curves,  sliding  along  guide-bars,  which  prevent 
lateral  bending. 

863.  The  Grip  and  Grip-frame, — There  are  several  types  of 
grips  and  grip-frames  connecting  the  car  with  the  cable,  and 
thereby  imparting  the  cable's  motion  to  the  car  or  train  of  cars. 
Only  two  of  these  grips  will  be  described,  and  these  briefly.  In 
one  of  them  there  is  an  outside  frame  fixed  in  position  with  respect 
to  the  car.  This  consists  essentially  of  two  vertical  plates  held  to- 
gether at  their  upper  extremities  by  a  plate  parallel  to  the  length 
of  the  car,  and  at  their  lower  extremities  by  a  thick  bar,  with  a 
grooved  plate  on  its  upper  surface,  on  each  side.  At  the  extreme 
ends  of  the  lower  bars  are  placed  friction  rollers,  on  which  the 
cable  glides  along  when  the  cars  are  standing  still ;  also  near  the 
ends  are  conical  spools  which,  when  lifted,  throw  the  cable  off  the 
lower  bar,  or  jaw,  as  it  is  called.  This  whole  construction  as  de- 
scribed may  be  called  the  grip-frame.  Sliding  vertically  in  this 
frame  is  a  thin  plate,  which  is  lowered  or  raised  by  a  lever  operated 
by  the  gripman  standing  on  the  gi'ip-car.  Fastened  to  the  lower  ex- 
tremity of  the  plate  is  another  horizontal  bar  or  jaw  grooved  on  its 
bottom  surface.  The  gripman,  in  order  to  start  the  car,  moves  the 
lever  so  as  to  lower  the  sliding  plates  and  jaw  and  clamp  the  cable 
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tightly  between  the  upper  and  lower  bars  or  jaws;  the  ear  then 
takes  up  the  motion  of  the  cable.  The  length  of  the  movable  jaw 
may  be  18  inches  or  more.  Care  and  skill  are  required  in  order  to 
avoid  imparting  the  high  speed  of  the  cable  to  the  car  too  suddenly. 
To  stop  the  car  the  gripman  operates  the  lever  so  as  to  lift  the 
sliding  plate  and  jaw^  and  puts  on  the  brakes.  The  cable  then 
glides  inoperatively  along  the  lower  or  fixed  jaw,  and  always  in 
position  to  be  gripped,  unless  purposely  thrown  off  the  jaw  by  lift- 
ing the  conical  spool.  A  similar  grip-bar  is  used  without  the  fric- 
tion rollers,  in  which  case  the  cable  rests  directly  on  the  upper 
surface  of  the  fixed  jaw.  In  the  other  type  of  grip  the  lower  part 
of  the  frame  is  formed  similarly  to  a  series  of  plyers  placed  side  by 
side  and  acting  simultaneously;  the  jaws  of  these  plyers  turn  on  a 
long  pin,  and  the  gearing  is  such  that  the  gripman  closes  the  jaws 
around  the  cable,  they  being  bored  or  cored  so  as  to  grip  tightly 
the  cable  when  their  lower  edges  are  in  contact,  or  nearly  so;  by 
a  reverse  movement  the  jaws  revolve  outward,  and  the  cable  is  free 
to  glide  between  them,  or  if  sufficiently  opened  the  cable  drops 
free  of  contact  with  the  apparatus.  In  this  type  of  grip  it  will  be 
noted  that  there  is  no  sliding  frame,  and  when  the  jaws  are  full- 
opened  the  cable  falls  out,  and  has  to  be  *'  picked  up  "  before  a 
start  can  be  made.  , 

854.  The  track  rails  can  be  of  the  shallow  street-tramway  type, 
resting  on  longitudinal  stringers  supported  on  the  yokes,  or  they 
can  be  made  of  the  girder-rail  type,  either  with  or  without  the 
tram-plate,  and  resting  on  the  yokes,  without  the  use  of  stringers. 
The  rails  vary  in  height  from  5  to  7  inches. 

855.  In  the  last  few  years  street-cars  run  by  electric  power  have 
been  brought  into  use.  There  is  nothing  especially  distinctive  so 
far  as  the  construction  of  the  road-bed  and  tracks  is  concerned, 
as  compared  with  that  of  ordinary  railroads.  The  motive  power  is 
supplied  by  means  of  a  current  of  electricity  generated  by  dynamos 
located  at  some  convenient  or  central  station;  this  current  is  trans- 
mitted along  overhead  wires,  and  connection  is  made  with  the  cars 
by  what  is  called  a  trolley- wheel  and  pole  attached  to  their  tops,  by 
means  of  which  and  connecting  wires  the  current  is  carried  to  the 
electric  motors  placed  under  the  cars,  causing  the  motion  of  the 
motor  armatures,  to  which  by  suitable  gearing  the  wheels  are  con- 
nected and  made  to  revolve.  The  return  circuit  has  been  supposed 
to  be  through  the  rails  of  the  track,  but  has  been  found  to  be  practi- 
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.cally  through  a  ground  circuit,  and  along  the  network  of  water  and 
gas  mains,  the  effect  of  which  has  been  to  corrode  and  destroy  the 
pipes  by  the  action  known  as  electrolysis.  This  can  be  prevented  by 
a  return  wire,  or  even  ti  more  perfect  and  efficient  rail  connection. 
Some  such  means  of  directing  the  return  current  will  doubtless  be 
required  in  the  near  future.  The  inconvenience,  obstruction,  and 
danger  resulting  from  the  use  of  overhead  wires  has  led  to  a  demand 
for  placing  all  wires  in  subways  or  underground  conduits.  At  pres- 
ent the  invention  or  design  of  some  form  of  subways  that  will  effect 
the  purpose  desired  and  satisfy  all  the  conditions  required  in  deal- 
ing with  this  subtle  force  is  engaging  the  earnest  thought  and  talent 
of  engineers,  and  offers  an  inviting  field  for  investigation,  as  it  is 
clear  that  electric  and  telegraph  wires  must  be  placed  underground. 
These  wires  and  their  supports  are  unsightly,  obstruct  the  streets, 
especially  in  connection  with  the  rapid  and  effective  working  of 
firemen,  and,  besides,  the  currents  are  exceedingly  dangerous  to 
life. 

856.  A  natural  extension  of  the  principles  involved  in  the  con- 
struction and  operating  of  electric  street-car  lines  is  to  that  of 
electric  railways,  in  which  the  electric  locomotive  is  substituted  for 
the  steam  locomotive. 

Several  lines  have  been  projecteid,  and  in  some  cases  put  under 
<3onstruction;  electric  locomotives  have  been  constructed,  and 
doubtless  in  the  near  future  such  railways  will  be  in  operation. 

Great  speed  is  claimed,  with  economy  of  construction  of  the 
roads.  The  engine  will  be  lighter  for  hauling  the  same  loads  at 
given  speeds.  Much  steeper  grades  can  be  economically  overcome, 
thereby  diminishing  greatly  the  cost  of  construction  of  the  road- 
beds and  tracks. 

With  steeper  permissible  grades  a  great  many  sharp  curves  can 
be  avoided,  as  compared  with  those  on  ordinary  railways. 

At  present  it  seems  that  there  is  nothing  in  the  way  of  the 
future  development  of  electric  railways  other  than  the  relative 
economy  in  the  combined  cost  of  constructing  and  operating  the 
road* 
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FRAMED  STRUCTURES. 

857.  The  general  definition  of  framed  stmctnrea  and  the  general 
principles  of  their  construction  have  been  given  and  discussed  in 
other  parts  of  this  volume. 

We  have  deen  the  methods  of  finding  the  bending  moments  and 
shears  at  any  section  of  a  beam  considered  as  a  unit,  whether  of  a 
solid  rectangular  or  other  form  of  cross-section,  whether  of  cast 
iron,  of  solid  section,  or  built  up  of  plates  and  angles,  as  in  built 
iron  or  steel  beams. 

In  the  next  article  these  principles  will  be  applied  to  determin- 
ing the  stresses  in  trussed  beams,  or  simply  trusses,  and  the  proper 
designs,  dimensions,  and  connection  of  the  parts  to  supply  the  re- 
sistances required.  In  this  article  solid  and  built  beams  will  be 
discussed. 

In  solid  beams  of  rectangular  or  circular  sections  the  entire  beam 
at  any  section  is  considered  as  resisting  the  bending  moment  and 
shear,  these  resistances  consisting  of  a  series  of  stresses — compres- 
sions and  tensions — distributed  in  accordance  with  established  laws. 
In  flanged  beams,  while,  strictly  speaking,  the  same  actual  con- 
ditions exist,  and  all  fibres  unite  in  resisting  both  the  bending 
moment  and  shear,  yet  it  is  usual  to  consider  that  the  entire  bend- 
ing moment  is  resisted  by  the  fianges  alone,  and  that  the  entire 
shear  is  resisted  by  the  web,  which  is  usually  a  solid  plate  connect- 
ing the  flanges. 

So  far  as  determining  the  stresses  in  the  members  of  trussed 
beams,  such  as  roof  and  bridge  trusses,  the  same  assumptions  are 
made.  The  flanges  or  chords  are  supposed  to  resist  the  bending 
action,  and  the  web  members,  which  consist  of  a  series  of  ties  and 
stmts,  resist  the  entire  shearing  action,  not,  as  in  beams,  by  a  uni- 
form resistance  to  shear  distributed  over  the  area  of  the  cross- 
section  of  a  solid  web,  but  by  direct  stresses  of  tension  and  com- 
pression along  certain  well-defined  lines  or  members. 

In  the  practical  application  of  the  principles  to  the  determina- 
tion of  dimensions,  certain  members  act  as  beams  and  certain  mem- 
bers as  columns.  Therefore,  all  of  the  principles,  as  applicable  to 
beams  and  columns,  will  necessarily  be  found  in  the  complete  dis- 
cussion of  bridges.     For  this  reason  practicable  examples  of  the 
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strength  of  beams  and  columns  have  been  reserved  for  this  portion 
of  the  work. 

It  will  be  as  well,  however,  to  dispose  of  one  kind  of  framed 
structures  known  as  trestles,  or  viaducts,  before  entering  upon  the 
general  discussion  of  stresses  and  strains  in  trusses. 

TRESTLES    AKD  VIADUCTS. 

868.  Trestle-work  is  generally  applied  to  timber  structures  com- 
posed of  a  series  of  frames  or  rows  of  piles  placed  transversely  to 
the  line  of  a  road,  over  and  connecting  which  a  series  of  beams 
called  stringers  are  placed  ;  on  top  of  these  the  cross-ties  are  laid; 
and  finally,  on  the  ties  the  iron  rails  for  the  track  and  the  timber 
guard-rails  are  placed.  There  is  no  special  limit  to  distances  from 
centre  to  centre  of  bents :  the  usual  distance  or  length  of  span  is 
from  12^  to  15  feet;  sometimes  as  much  as  25  to  30  feet  when  the 
heights  of  the  bents  are  very  great.  For  longer  spans  regular 
trussed  bridges  would  be  used,  and  the  bents  or  supports  are  then 
called  timber  piers. 

Viaducts  are  trestles  in  which  the  bents  and  stringers  are  of 
iron.  Much  longer  spans  are  used;  the  heights  may  or  may 
not  be  greater  than  in  case  of  timber  trestles,  and  commonly  two 
bents  are  well  braced  together  in  both  horizontal  and  vertical 
planes,  forming  what  are  called  towers.  Every  alternate  space  is 
thus  braced. 

The  spaces  may  all  be  of  the  same  length,  or  alternately  long  and 
short  spans.  A  common  length  of  span  is  about  30  feet;  a  com- 
mon alternation  in  span  is  from  30  to  60  feet. 

Trestles  and  viaducts  are  used  for  the  same  purposes;  (1) 
to  cross  deep  ravines  where  the  cost  of  filling  in  with  earth  would 
be  very  great :  (2)  to  cross  small  streams  or  watercourses  ;  (3)  to 
cross  swamps  ;  (4)  to  form  the  approaches  to  bridges,  especially 
when  at  great  elevations,  where  the  expense  of  earth  filling  would 
be  very  great,  or  where  it  is  necessary  to  have  a  waterway  greater 
than  that  provided  by  the  bridge  proper;  and  (5)  where  it  is  either 
expensive  or  difficult  to  obtain  filling  material,  and  the  time  re- 
quired to  complete  a  permanent  work  would  be  too  great.  In  the 
latter  case  timber  trestles  are  used  to  save  first  cost  and  loss  of 
time. 

Timber  trestles  are  of  two  kinds,  namely,  framed  trestles  and 
pile  trestles. 
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Pile  trestles  are  constructed  by  driving  either  3  or  4  piles  in  a 
row  across  the  line  of  the  road,  called  a  bent,  at  intervals  along  the 
line  of  from  10  to  J  5  feet.  These  piles  are  cut  off  to  the  same  level 
in  each  row  or  bent,  and  to  the  proper  grade  from  bent  to  bent. 
Caps  12  X  12  inches  square  are  placed  over  each  row  and  drift- 
bolted  to  the  piles — sometimes  they  are  connected  by  mortise  and 
tenon ;  diagonal  or  X  bracing  are  then  spiked  or  bolted  to  the  piles 
in  each  bent,  one  brace  on  each  side,  these  crossing  each  other. 
These  braces  are  usually  planks  from  2  to  3  inches  thick,  and  from 
9  to  12  inches  wide. 

When  four  piles  are  used,  all  are  driven  vertically,  or  the  two 
outside  ones  are  driven  on  a  batter  and  the  two  inner  ones  ver- 
tically. The  distance  from  centre  to  centre  of  outside  piles  is  from 
1 1  to  12  feet,  and  between  the  two  inside  piles  centre  to  centre 
4^  to  5  feet,  as  seen  on  the  left  half  of  Fig.  304;  when  the  outside 
piles  are  on  a  batter,  they  are  so  set  and  driven  that  their  upper 
extremities  will  be  near  to  the  tops  of  inner  piles,  as  seen  in  the 
right  half  of  Fig.  304,  while  having  usually  a  batter  of  3  inches  to 
each  vertical  foot. 

The  inner  piles  are  the  same  distance  apart  as  given  above,  and 
the  clear  interval  between  the  tops  of  the  inner  piles  and  the  corre- 
sponding batter-piles  is  from  1  to  1^  feet.  The  length  of  caps 
required  in  the  two  cases  being  14  and  12  feet 'respectively. 

When  three  piles  are  used  in  a  bent,  the  one  is  driven  in  the 
centre,  and  the  tops  of  the  outside  piles  are  about  3^  feet  distance 
on  each  side,  centre  to  centre,  requiring  a  cap  about  10  feet  long. 
The  outside  piles  may  be  driven  either  vertically  or  on  a  batter. 

There  can  be  no  doubt  that  in  either  case  the  batter-piles  give  a 
stiffer.  and  stronger  trestle,  and  are  capable  of  bearing  a  heavier 
load  with  the  same  number  of  piles  than  when  all  are  driven 
vertically. 

When  the  piles  are  driven  to  any  great  depth  into  the  soil  the 
height  of  a  pile  trestle  above  the  ground  cannot  be  very  great,  with 
any  ordinary  length  of  pile  that  is  not  over  from  20  to  25  feet 
above  the  surface. 

When  over  10  feet  high  some  form  of  longitudinal  br^iciiig 
should  be  used.  Plank  extending  diagonally  from  the  top  of  one 
bent  to  the  bottom  of  the  next  gives  a  good  longitudinal  system  of 
bracing. 

Two  lines  of  stringers  are  placed  over  the  cap,  each  line  consist- 
ing of  two  pieces,  arranged  so  as  to  break  joints  over  the  caps. 
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Each  piece  of  each  stringer  should  be  tbe  length  of  two  epaDS,  and 
vary  in  cross-section  from  6  X  14  inches  for  12A  span  from  bent  to 
bent,  or  8  X  16  inches  foi'  a  16-foot  span.  For  very  heavy  enginea 
fig.  304  BhowB  on  the  left  a  half-end  view  of  a  trestle-bent  with  all 
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piles  vertical,  and  on  the  right  with  outside  piles  on  a  batter.  Tbe 
caps,  stringers,  ties,  mils,  and  guard-rails  are  also  shown. 

Trestles  vith  Framed  /ieuf.i. — For  a  aingle-story  trestle  there 
aVe  two  general  types  shown  in  Figs.  305  (ti),  (6). 

Fig.  3Q5(a)  sliows  two  vertical  and  two  batter  poets.    Theeesre 


Flos.  305. 

■usnally  12  x  12  inches  in  cross -section,  and  not  over  from  20  to  25 
feet  in  length..  These  are  framed  into  a  cap  and  sill  with  the 
mortjse-and-tenon  joint,  sometimes  with  square-abutting  surfaces, 
and  held  in  place  by  iron  strap-s. 
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Fig.  305(})  shows  a  type  of  trestle  witb  all  inclined  posts.  This 
is  unquestionably  a  stronger  and  stiffer  trestle  with  equal  sizes  ol 
timbers.  The  posts  of  this  trestle  are  often  made  of  10  x  12  inch 
timber.  The  stringers,  ties,  and  guard-rails  are  the  same  as  shown 
in  Fig.  304  for  the  pile  trestles. 

For  two  or  more  stories  the  timbers  of  the  lower  are  placed  in  the 
prolongation  of  those  for  the  single-story  trestles,  which,  as  shown 
in  Fig.  305,  will  be  the  uppermost.  Additional  vertical  or  inclined 
members  are  inserted  in  the  lower  stories,  and  the  dimensions  are 
increased  in  very  high  trestles  to  14  X  14  inches  in  the  bottom  one. 

Framed  trestles  are  usually  sapported  on  mudsills,  which  are 
timbers  12  X  12  inches  by  4  or  5  feet  long,  partly  imbedded  in  the 
«oil.  Sometimes  long  sills  are  placed  first,  and  then  the  mudsills  on 
these.  Occasionally  rough  masonry  pedestals  are  used,  which  are 
far  better.  When  the  soil  is  very  soft  or  swampy  four  piles  are 
driven  and  cut  off,  at  or  a  little  below  the  surface,  and  upon  these 
the  sills  of  the  framed  trestles  are  placed  and  bolted  to  the  piles. 

859.  In  Fig.  306  is  shown  a  side  view  of  a  trestle  which  is  the 
same  for  either  the  framed  or  pile  trestle.  This  is  given  mainly  to 
illustrate  practically  the  process  of  calculating  the  dimensions  of 
the  stringers.  No  attempt  is  usually  made  to  proportion  the  posts 
to  the  load  that  they  have  to  bear,  and  there  is  always  a  large  ex- 
cess of  strength  in  the  10  X  12  or  12  x  12  inch  timbers.  The  same 
may  be  said  of  the  caps,  sills,  and  ties. 

Nor  is  there  any  special  effort,  as  a  rule,  to  proportion  the 
stringers  to  the  loads  which  they  have  to  bear. 

But  now  that  such  heavy  engines  are  being  introduced,  it  is 
well  to  see  whether  the  standard  dimensions  of  the  members  give  a 
sufficiently  large  margin  of  safety,  especially  considering  the  fact 
that  it  is  not  unusual  to  allow  the  timbers  of  a  trestle  to  lose  from 
25  to  50  per  cent  of  their  areas  by  actual  rot  before  repairing  or 
renewing. 

About  the  heaviest  load  that  can  come  upon  a  bent  of  12^  feet 
span  will  be  75,000  pounds;  or  assuming  that  each  of  the  four  pairs 
of  drivers  of  a  heavy  type  of  engine  have  30,000  pounds,  then  the 
bents  of  four  posts  will  carry  120,000  pounds,  or  30,000  pounds  to 
each  poet,  which,  if  12  X  12  inches  in  section,  gives  144  square 
inches,  the  intensity  of  pressure  per  square  inch  will  be  210  pounds 
nearly;  or  if  only  two  posts  bear  the  entire  load,  wliich  is  doubt- 
less the  case  very  often,  the  unit  pressure  would  be  abou,t  420 
pounds.     There  will  then  be  ample  strength  in  the  posts  as  com- 
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monly  used.  But  let  ns  see  how  it  will  be  with  the  stringers.  Ab- 
suming  a  rather  heavy  consolidation  engine  with  foar  pairs  of 
drivers^  each  pair  loaded  with  24^000  pounds,  spaced  as  the  wheels 
of  this  locomotive  are,  namely,  on  a  base  of  14f  feet,  it  is  evident 
that  only  three  pairs  of  drivers  can  be  on  any  one  span  at  a  time. 
As  we  can  only  place  three  paira  of  drivers  on  the  span  of  12^  feet 
centres  of  bents,  or  the  clear  span  of  11^  feet,  the  load  can  be  ap- 
plied, in  several  different  ways,  two  of  which  are  shown  in  Fig.  306. 
On  the  right-hand  half,  or  Span  No.  2,  the  rear  three  pairs  are 
placed,  with  one  pair  in  the  centre  of  the  span,  and  the  others 
symmetrically  placed  with  respect  to  the  centre.  And  on  the  left- 
hand  half,  or  Span  No.  1,  the  front  three  pairs  are  placed  in  snch 
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Fig.  806. 


position  as  will  give  maximum  bending  moment,  the  reason  for 
which  will  be  explained  later.  The  principle  will  simply  be  stated 
in  this  place,  namely,  toith  a  system  of  isolated  roads  or  wheel-con- 
centrationSy  that  position  of  the  load  toill  give  maximum  bendiug 
momeyit  in  which  the  centre  of  the  span  bisects  the  distance  be- 
tween the  point  of  greatest  bending  moment  aiid  the  centre  of  gravity 
of  the  system  of  loads  on  the  span. 

For  Span  No.  2  the  centre  of  gravity  of  the  three  loads  is  at  the 
centre  of  wheel  w^ ,  that  is,  at  the  centre  of  the  span.  Each  reac- 
tion, then,  R^  =  R^=z  36,000  pounds.  The  greatest  bending  mo- 
ment is  at  the  centre  C,  and  is 


M,  =  36,000  X  5.75  -  24,000  X  4.5  =  99,000  foot-pounds. 
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For  Span  No.  1  we  must  first  find  the  vertical  line  through 
the  centre  of  gravity  of  all  the  loads  by  the  principle  for  finding 
the  centre  of  parallel  forces. 

Taking  moments  about  the  centre  of  wheel  w^, 

(w,  +  w,  +  w,)a:,  =  «?,  X  5.75  +  w,  X  10.25  =  384,000; 

hence 

a;,  =  384,000  4-  72,000  =  5.33  feet; 

that  is,  the  centre  of  gravity  of  the  system  is  5.33  feet  to  the  right 
of  w, ,  or  0.43  foot  in  front  of  w,;  and  according  to  the  principle 
above  stated,  this  distance  must  be  bisected  by  the  centre  of  the 
span;  that  is,  wheel  w,  must  be  0.21  foot  to  the  right  of  the  centre 
C,  and  the  line  through  the  centre  of  gravity  of  the  system  0.21 
feet  to  the  left  of  the  centre,  as  OG^. 

The  maximum  bending  moment  will  be  under  wheel  w^.  The 
positions  of  the  wheels  with  respect  to  the  centre  of  the  span  (7  and 
its  ends  A  and  B  are  shown  on  the  drawing.  Then,  for  the  reac- 
tion i?,  at  A, 

Taking  moments  with  respect  to  an  axis  at  B,  then 

E,  X  11.5  —  w,  X  11.29  —  w,  X  5.54  -  w,  X  1.04  =  0. 

Jt,  =  37,294  pounds    and    B^  =  72,000  -  37,294  =  34,706  pounds. 

Bending  moment  at  centre  G 

=  Jf,  =  jB,  X  5.75  —w.x  5.54  =  81,480  foot-pounds. 

It  is  evident,  then,  for  this  length  of  span  and  wheel  concentra- 
tions,  that  the  maximum  bending  moment  is  when  the  engine  occu- 
pies the  position  shown  in  Span  No.  2.  As  in  this  case  the  load  is 
symmetrically  situated  with  respect  to  the  centre  of  the  span,  the 
centre  bending  moment  is 

M.^w^X  1.25  +  iw^X  5.75  =  99,000  foot-pounds, 

the  same  as  already  found  by  the  general  method. 

Equating  this  in  inch-pounds,  that  is,  99,000  X  12  =  1,188,000 
inch-pounds,  to  the  moment  of  resistance  of  beams, 

mWl  =  1,188,000  =^z=  ^fbd\ 

for  beams  of  solid  rectangular  section ;  and  assuming  /  =  1000, 
<2=  14  inches,  we  find  the  breadth^  in  inches.     But  since  this 


934  MAXIMUM  LOAD  OK  TBB8TLE  STRINGEB8. 

load  is  carried  by  two  stringers,  each  composed  of  two  pieces^  the 
bending  moment  on  each  piece  will  be  -^ — j- =  297,000  inch- 
pounds,  hence  \  X  1000  X  J  X  196  =  297,000  and  h  =  9.1  inches. 
If,  however,  we  allow  a  modulus  of  rupture /=  1500  pounds,  other 
quantities  remaining  the  same,  then  d  =  6.1  inches.  This  latter  is 
in  keeping  with  the  standard  dimensions,  and  gives  ample  strength. 

There  would  then  be  two  stringers,  both  composed  of  two 
string-pieces,  each  25  feet  long  and  6.1  X 14  inches  in  cross-section. 
For  longer  spans  similar  calculations  can  be  made;  recollecting 
that  economy  of  material,  as  well  as  stiffness,  requires  a  certain 
depth,  which  increases  in  a  well-established  ratio  with  the  length. 

To  find  the  equivalent  uniformly  distributed  load  that  will  give 
the  same  centre  bending  moment,  we  have 

i{wT)l  =  ^r  =  297,000;    .-.  w  =124.764  pounds  per  linear  inch, 

« 

or  1497.2  pounds  per  linear  foot  for  each  string-piece;  and  for  the 
four  pieces,  5989  pounds  per  linear  foot. 

Under  this  load  the  beam  may  not  deflect  more  than  \  inch, 

which  is  a  ratio  of  deflection  to  length  of    *  =  — —  =  ^pr^  of 

V  11.0    X    l/v  m7() 

its  length.    Then  for  the  ratio  of  depth  to  length  (see  equation 

d       n"f  I 
(227)),  T  =  ttT/— >  ill  which,  for  beams  of  uniform  cross-section 
^      '^     I      4tEiwv^ 

and  supported  at  both  ends  while  uniformly  loaded,  n''  =  ^;  and 

m'  =  i,  and  for  timber /=  1500  and  E  =  1,000,000.   Then  y  =  jTg 

138 
or  rf  =  q-r-^  =11.9  inches,  whereas  the  beam  under  consideration 

11.0 

is  14  inches  deep.    If,  however,  with  the  same  load  the  length  of 

clear  span  is  increased  to  say  14  feet  =  168  inches,  d  =  rj-g  =  14.6 

inches. 

V         1 
This  is  a  large  deflection  under  the  working  load,  y  =  j^  to 

rrr^  being  the  usual  proportion.     With  -— ,  substituting,  we  find 

—  z=  -  ;     ,\  d  =  -—  =  17.25  inches, 
that  the  deflection  may  not  be  more  than  one  third  of  an  inch. 
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When  trestle  spans  are  over  15  or  16  feet  in  length  they  are 
usually  tmssed  in  some  manner,  the  effect  of  which  is  to  divide^ 
the  original  span  into  two  or  three  segments  or  bays;  consequently 
the  timbers  required  for  the  stringers  have  about  the  same  dimen- 
sions as  above  giyen,  while  the  proper  dimensions  of  the  braces  are 
to  be  determined  by  principles  hereafter  to  be  explained. 

When  the  spans  are  long,  it  is  difficult  to  secure  stringers  of 
sufficient  length  to  cover  two  spans.  In  this  case  it  becomes  nec- 
essary to  have  joints  over  every  cap,  the  stringers  having  only  th& 
length  of  one  span.  The  bearing  would  then  be  less  than  6  inches, 
for  each  stringer.  In  such  cases  bolsters,  that  is,  pieces  of  timber 
about  8  or  10  inches  deep  and  4  or  5  feet  long,  are  placed  perpen- 
dicularly to  the  caps  and  bolted  to  them,  and  upon  these  the 
stringers  rest,  by  which  means  a  good  bearing  is  obtained. 

The  caps  and  sills  can  be  made  of  single  pieces  or  of  two  pieces 
each,  bolted  together. 

860.  The  greatest  shear  will  be  at  the  points  of  support.    To 

find  the  greatest  possible  shear  several  trials  may  be  necessary,. 

the  maximum  shear  being  equal  to  the  reaction  B^  or  i?,.     It  is. 

seen  above  that  R^  is  greater  for  the  load  in  the  position  shown  in; 

Span  No.  1  of  Fig.  306,  where  -S,  =  37,294  pounds,  whereas  on 

Span  No.  2  -R,  =  iJ,  =  36,000  pounds.     But  suppose  we  move  the- 

loads  to  the  left  in  Span  No.  1  until  w^  is  just  to  the  left  of  A,  then. 

n               ,   W^X  5.75  +  W^X  1.25       _^  .^^  ,        rt  -     a 

R^=:ta^-\ — ' * =  38,609  pounds.     If  m  Span 

XI. D 

Xo.  2  we  move  the  loads  until  w,  is  just  to  the  right  of  S,  we  would 

find  iJ,  =  w,  +  ^'  ^  ^'^^'t^*  ^  ^'^  =  43,827  pounds,  which,  then,. 

is  the  condition  for  maximum  shear.  As  the  bending  moment 
is  zero  at  the  points  of  support,  it  is  only  necessary  to  provide 
material  at  the  ends  sufficient  to  resist  the  shearing.  Taking  40a 
pounds  per  square  inch  as  a  safe  resistance  to  shearing,  then,  the 
maximum  shear  on  each  string-piece  being  A4|ii  =  10,957  pounds, 
there  is  only  required  ^Hl*^  =  27  square  inches  of  material;  and 
each  string-piece  being  6  inches  wide,  the  depth  of  the  stringer 
need  not  be  over  ^  =  4.5  inches.  Though  this  is  taken  advantage 
of  in  floors,  wharveq,  and  platforms  generally,  it-  is  not  in  trestle- 
work,  the  full  or  near  full  centre  depth  being  retained  throughout; 
consequently  there  is  always  a  great  excess  of  strength  at  the  ends 
of  stringers.  As  the  bending  moment  increases  to  its  maximum 
near  the  centre  of  the  span,  so  the  shearing  force  diminishes,  and 
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becomes  zero  at  the  point  of  mazimuni  bending.  A  solid  rec- 
tangular beam  of  sufficient  strength  to  resist  bending  will  also  have 
sufficient  strength  to  resist  the  shear. 

860^.  It  is  evident  that  the  strength  increases  in  a  more  rapid 
ratio  with  increase  of  depth  than  with  increase  of  breadth  of  rect- 
angular beams.  In  fact^  doubling  the  breadth  only  doubles  the 
strength,  doubling  the  depth  quadruples  the  strength.  Beams, 
then,  should  be  made,  for  economy  of  material,  deep  and  thin;  bnt 
if  too  thin,  the  beams  are  wanting  in  lateral  stiffness,  and  will  give 
way  by  bending  sideways.  The  rectangular  beams  are  generally,  in 
thickness,  from  one  eighth  the  depth  up  to  a  thickness  equal  to  the 
depth.  They  should  never  have  a  thickness  less  than  one  eighth 
the  depth.  For  trestles  and  bridges  the  usual  thickness  is  from 
one  half  to  one  third  the  depth. 

The  following  figures,  306^  (a),  (6),  {c),  show  the  beams  of  solid 
rectangular  cross-section  with  the  same  area  of  cross-section,  bd  = 


<        12"       > 


<     8*  > 


Jttih  ia) 


Fia.  ib) 


Flo.  (c) 


Fios.  806}. 


144  square  inches.    With  the  same  material,  same  length,  and  same 
load,  the  relative  strength  to  resist  transverse  strain  is: 


Fig.  (a),  bd'  =  lSx  (8)'   =  1152  =  1 ; 
Fig.  (b),  bd*  =  12  X  (12)'  =  1728  =  1.5;     v 
Fig.  {c),  M»  =  8  X  (18)*  =  2592  =  2.25.  J 


.    .(456) 


660b.  For  a  round  log  beam  the  moment  of  inertia  of  a  solid 

circle  =  -^7-  =  —7-,  and  b  =  d. 
64         4 

.♦.  M,  =  mWl  =  ■^-  =  -^  =  nfbd'  =  «/d»; 
assaming  a  aniformly  distributed  load  and  n  =  -—^  nearly. 


i{wl)l  =  0.785ifr' =  ~/d' (457) 


10.2- 


.     1 
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Then  wl  =  2250  lbs.,  or  12^  lbs.  per  inch  of  lengthy  and  i  =  15  ft. 
=  180  inchefi;  ^(2250)  X  180  =  0.7854  X  1000  X  r\ 


1 


•.  r  =  f  64.458  =  4.01  inches  or  ^  X  2250  X  180  =j^Xl000x  d\ 


Hence  d  =  -{^516.375  =  8.02  inches  in  diameter. 

660c,  As  was  stated^  timber  beams  are  usnally  of  solid  rectan- 
gular cross-section,  as  seen  in  Figs.  306^.    For  such  beams 

mWJ=njbd';    .-.  Tr=  ^;    w  =  i; 

and  for  beams  with  single  weight  at  the  centre  m  =  i.    Hence  the 
centre  safe  load 

W=lf^=Y^. (458) 

For  a  uniformly  distributed  load,  mwl  =  ^  TTZ  or  iwP;  iWl  =  nfbd^. 

■■■^=V^'=¥^- («') 

It  is  sometimes  conyenient,  and  it  is  often  seen  in  practical  books, 
such  as  Trautwine,  that  /  is  given  in  feet  while  b  and  d  are  in  inches. 
Placing  12/  for  /  in  eqs.  (458)  and  (459),  they  become,  respectively, 

fAd 
Tr=  Y^  for  a  single  load  at  the  centre;    .     .     (460) 

fAd 
Tr=  2-^  for  a  uniformly  distributed  load.  .    (461) 

In  an  of  the  above  equations  A  is  the  area  of  cross-section. 
Solving  equations  (458)  and  (459)  with  respect  to/,  we  have. 

From  equation  (458),   /=|5  =  |^';    •    •     (462) 
Prom  equation  (459),    /=  |.j— ,  =  i_,    .    .    (463) 
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f 

If^now,  wemak6/'=  ~  and  substitute  in  equations  (460)  and 


(461)  we  find^  from  equation 


and  from  equation 

^-^  IS' 2b(r^  2  Ad: ^^^'^ 

When,  then^any  given  beam  Wiiose  dimensions  b,d,9,nd  I  are  known 
\s  loaded  with  a  weight  that  is  just  sufficient  to  break  it,  we  find 
the  value  of  /,  from  equations  (462)  and  (463),  which  is  called  the 
modulus  of  rupture  when  all  dimensions  are  in  inches,  and  for  tim- 
ber this  has  been  found  to  be  from  10,000  to  15,000  lbs.  per  square 
inch;  and  from  equations  (464)  and  (465)  we  find  /'  =  600  to  800 
lbs.  This  is  the  value  of  the  modulus  of  rupture  when  I  is  in  feet 
and  b  and  d  are  in  inches.  Trautwine's  tables  are  calculated  upon 
this  supposition. 

A  failure  to  understand  this  question  fully  often  leads  to  confa- 
sion  and  error  in  results  with  young  engineers,  as  some  tables,  such 
as  Rankine^s  and  those  of  other  authors,  give  the  modulus  of  rap- 
ture for  timber  beams  as  10,000  lbs.  per  square  inch,  and  Trautwine 
and  others  give  600  lbs.  I  is  in  inches  in  the  first  case,  and  in  feet 
in  the  second.    The  results  are,  however,  the  same  in  either  case. 

With  a  clear  understanding  of  the  above  examples  on  timber 
beams,  there  should  be  no  difficulty  in  determining  the  dimensions 
to  carry  safely  any  load,  or  the  load  that  any  given  beam  will  carry 
safely. 

861.  Iron  Viaduct — As  an  example  of  this  type  of  structure 
the  writer  has  selected  the  viaduct  approach  to  a  bridge  constrncted 
over  the  Ohio  River,  under  his  superintendence,  by  the  Keystone 
Bridge  Company. 

There  were  32  spans,  each  30  feet  long,  and  46  spans,  each  30  feet 
long,  on  the  north  and  south  sides  of  the  river  respectively,  a  total 
length  of  2340  feet.  The  heights  of  the  bents  varied  from  20  to  45 
feet.  The  highest  single-story  bent  was  29  feet  3^  inches.  When 
the  total  height  did  not  exceed  this  figure,  intermediate  strut  braces 
were  used  near  the  top  and  bottom,  and  diagonal  rods  in  both  ver- 
tical and  horizontal  planes.  Usually  with  heights  over  25  feet  in- 
termediate struts  and  ties  were  used,  dividing  the  bents  into  two 
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stories, the  upper  story  about  20  feet  higb,  and  the  lower  story  vary- 
ing, according  to  the  total  height.  Figa.  307  (a),  {b),  and  (c)  show, 
respectively,  a  general  side  view,  a  side  view  of  two  bents  and  girder 
span  between,  and  an  end  view  of  one  bent.  The  brace  system,  as 
shown,  was  used  only  in  every  alternate  span.  In  the  formula  used 
J  =  moment  of  inertia  of  section  ;  a  is  a  constant;  /=  ultimate  re- 
sistance to  crushing  in  pounds  per  square  inch;  S  =  metal  area  in 
the  cross-section  in  square  inches;  I  =  length  of  column  in  inches 
or  feet;  p  =  radius  of  gyration  of  the  section  in  the  same  unit  as  I; 
d  =  least  side  it  rectangular  in  section,  and  the  diameter  if  circular. 


Flos   807. 

All  columns  were  composed  of  two  10-in.  channels,  36  lbs.  per 
foot,  10.5  sq.  in.  metal  area;  the  unsupported  length  of  each  column, 
t  =  20  ft.  =  240  in.  Two  columns  to  each  bent,  batter  4  in.  to  a 
vertical  foot;  that  is,  2  in.  to  each  colnmn.  The  transverse  struts 
between  columns,  two  5-in.  channels,  6.5  lbs.;  vertical  and  diagonal 
rods  in  lower  section  1  in.  diameter,  and  also  in  upper  section. 
Loogitadinal  horizontal  stmts,  two  6-in.  channels,  8.5  lbs. ;  diagonal 
rods  1-j^  in.  diameter.  Horizontal  and  diagonal  rods  1  in.  diameter. 
For  the  columns  we  will  use  the  formula  for  one  end  fixed  and  one 
pin  end. 


1  +  1.8i 


/=  39,000  Ibfl.;    5  =  21  Bq.  in.; 


P' 

!  =  20  ft.  =  240  in.;     1.8a  =  T^im- 
For  latticed  colnmns  we  liave 
j^  (>,+0J->.(<i-2<.)-  _  (H  + 1)10-  -  2K10  -  })•  _ 


137.03; 


'  1  +  T*ni(M-12)'       I'OOO  +  8858.57  ' 
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or  25,659  lbs.  per  square  inch  of  metal.  This,  with  a  factor  of 
safety  of  5,  gives  107,765  as  the  safe  load  per  column.  The  strain- 
sheet  loads,  as  given  by  the  Keystone  Bridge  Co.,  were  93,800  lbs. 
for  the  top  sections  and  112,200  lbs.  for  the  bottom  sections  of 
the  columns.  Taking  the  dead  load  at  800  lbs.  per  lineal  foot,  and 
the  live  load  at  4600  lbs.,  or  a  total  load  of  5400  X  30  =  162,000  lbs., 
divided  between  the  two  columns,  gives  actual  load  on  each  oolnnin 
81,000  lbs.  from  the  weight  of  the  structure  and  train-load.'  If, 
instead  of  latticed  channels,  those  with  cover-plates  had  been  used, 
/  and  p  should  have  been  determined  from  the  proper  value  for  /. 
In  other  respects  the  solution  of  the  problem  would  have  been  the 
same.  The  lattice  pieces  are  short  strips,  about  2  in.  x  i  to  f  in., 
riveted  to  the  flanges  and  placed  diagonally,  the  distance  apart  of 
the  rivets  in  the  same  flange  varying  according  to  the  size  of  the 
channels. 

862.  Assume  a  Phoenix  column  exterior  diameter  9f  in.,  in- 
terior diameter  9  in. ;  metal  thickness  f  in. ;  flanges  double  thickness, 
equal  to  }  in.  and  2  in.  long — a  total  metal  area  of  17.0  sq.  in.  In 
equations  for  moment  of  inertia  of  a  Phodnix  column  we  find 

j=i!l!l^O+2w(r+|y;    r  =  4.7;    r.  =  4.5; 

;r  =  3.1416;    6  =  J";    /  =  2  in. 
Substituting, 

7=94.37;    ^  =  17.0;    p*  =  5.56;    p  =  2.36. 

P=     -^^p;  /=42,000;    /y=17.0;    a=jj^*y    ?=20ft.=240in.; 

1-f  fl^-i 
9 

7        240  Z* 

p  =  2T6  =  ^«l-^'    -.  =  10,342.5. 

Substituting,  P  =  476,000  lbs.,  or  28,000  lbs.  per  sq.  in.— about  2340 
lbs.  per  sq.  in.  more  than  the  latticed  channel  section.  The  total 
safe  load  per  column  \  of  476,000  =  95,200  lbs.     With  the  same 

value  for  -  as  in  the  first  case,  94.12,  we  would  have  found 

P  =  626,300  lbs.  and  safe  load  =  125,260,  with  the  same  sectional 
area  of  metal.  This  corresponds  with  the  principle  that  the  farther 
the  metal  is  from  the  neutral  axis  the  stronger  the  column  will  be. 
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The  above  examples  will  be  sufficient  to  show  the  practical  applica- 
tion of  the  formula.  At  the  Susquehanna  bridge^  B.  &  0.  Sd.^ 
Havre  de  Grace,  about  2500  lineal  feet  of  iron  viaduct  was  used, 
the  height  being  about  60  ft.  All  spans  were  30  ft.  long,  and  the 
columns  entirely  of  the  PhoBniz  type,  in  the  equation  for  which  d^ 
is  used  instead  of  p^  The  work  is  simplified  by  the  fact  that  we  do 
not  have  to  find  the  moment  of  inertia  or  the  radius  of  gyration,  as 
the  least  dimension  of  the  column  is  given,  which  is  represented  by 
d,  and,  in  addition,  the  formula  is  in  better  shape  to  determine  the 
value  of  dy  i.e.,  the  diameter  of  a  Phoenix  column,  or  the  depth  of 
channels  in  the  square  column  to  bear  a  given  load.    This  is  done 

by  solving  the  equation  P  =  — - — -=  with  respect  to  d,  and  we  get 

PaV 

(T  = p,  from  which,  in  any  given  case,  d  can  be  found,  P 

fs  —  r* 

representing  either  the  breaking  load  or  working  load,  as  the  case 

may  be. 

Closed  columns  are  stronger  than  open  ones,  but  we  have  seen 
the  objection  to  these.  The  material  should  be  as  far  as  possible 
from  the  neutral  axis,  so  as  to  increase  the  radius  of  gyration,  p, 
Xo  unsupported  column  should  be  more  than  about  30  to  40  times 
its  least  diameter.  Although  solid  columns  and  cast-iron  columns 
may  have  their  strength  increased  by  swelling  or  increasing  their 
diameter  at  or  near  the  middle  of  the  length,  as  is  done  usually  in 
columns  of  wood  and  cast  iron,  it  does  not  seem  to  have  that  result 
in  segmental  wrought  columns. 

It  simplifies  the  calculation,  in  determining  the  crushing  resist- 
ance of  any  column,  to  omit  the  area  8.  Then  P  =  p  z=  the  ulti- 
mate proof  or  working  strength  per  square  inch  of  area. 

863.  A  familiar  example  of  a  pier  composed  of  cast-iron  col- 
umns is  found  in  the  piers  of  the  Crumlin  viaduct.  In  all  such 
cases  the  columns  are  cast  into  lengths  or  sections,  with  sockets 
or  flanges  to  facilitate  the  connection  of  the  different  sections, 
which  are  placed  one  on  top  of  another,  and  fastened  by  bolts 
through  the  flanges.  The  flanges  are  generally  on  the  outside  when 
above  ground  and  on  the  inside  when  below  ground,  and  of  suf- 
ficient diameter  to  secure  the  bolts  in  position  without  too  much 
difficulty.  At  the  bottom  they  are  fastened  by  bolts  to  a  broad 
base,  which  generally  rests  on  a  masonry  pier  or  pedestal,  and  a 
capital  with  a  broad  top  is  fastened  at  the  upper  end  of  the  column,. 
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or  the  top  and  bottom  piece  is  cast  with  a  projecting  cylinder 
which  fits  in  the  end  of  the  colnmn.  The  ends  of  all  the  sections 
should  be  planed  or  turned  so  as  to  rest  on  each  other  with  a  full 
and  uniform  bearing,  and  at  each  junction  the  several  columns 
should  be  braced  by  stmt  and  tie  braces,  the  latter  in  both  vertical 
and  horizontal  planes.  Lugs  or  projections  should  be  cast  on  the 
columns  so  as  to  admit  of  connection  with  the  braces.  The  strong- 
est form  of  column  with  a  given  amount  of  material  is  the  hollow 
cylinder,  and  for  this  reason  cast-iron  columns  are  usually  of  this 
form.  Cast  iron  is  but  little  used  in  bridge  construction,  either  for 
piers  or  for  any  part  of  the  superstructure.  It  is,  however,  exten- 
sively used  for  columns  of  buildings  and  for  beams  of  floors  where 
not  likely  to  be  subjected  to  moving  loads  causing  shocks  and  vi- 
brations, and  where  no  sudden  or  extensive  change  of  temperature 
is  likely  to  occur.  If  not  too  long  the  columns  can  be  cast  in  one 
section ;  otherwise  in  several  sections,  connected  as  mentioned  above. 
In  either  case  they  may  be  cast  with  the  same  exterior  diameter 
from  end  to  end,  with  the  same  or  gradually  decreasing  metal  thick- 
ness, or  the  diameter  may  gradually  decrease  and  the  metal  thick- 
ness remain  the  same.  The  length,  however,  in  no  case  should  ex- 
ceed from  15  to  25  times  the  diameter.  The  following  figures,  30d 
(flp),  {b),  represent  the  general  design 
and  arrangement  of  the  columns.  Fig. 
(a)  is  a  horizontal  section  near  the  bot- 
tom of  the  pier;  Fig.  (b)  a  general 
elevation.  This  pier  consists  of  14 
cast-iron  columns,  12  inches  exterior 
diameter,  and  with  metal  thickness 
from  1  inch  in  the  bottom  section  to 
i  inch  in  the  top  section.  The  cen-  [,..x::rr^''^'~  ^. 
tral  columns  are  vertical;  the  other 
columns  have  a  rake  or  batter,  so  that 
while  the  enclosed  space  at  the  bot- 
tom measures  60  x  27  feet,  the  area  ^*®'  ^*^" 
at  the  top  is  reduced  to  30  X  18  feet.  '^^'  ^^' 
The  horizontal  strut  braces  are  cast-iron  I-beams  12  inches  deep  and 
5  inches  breadth  of  flange.  The  diagonal  tension  braces  in  vertical 
planes  are  flat  bars  4  inches  X  f  inch,  and  the  horizontal  diago- 
nal ties  are  rods  3  inches  in  diameter.  The  piers  are  from  180  to 
200  feet  high,  carrying  spans  150  feet  long.  The  sections  of  the 
columns  are  17  feet  long.     Each  column  stands  upon  a  base  3  feet 
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square,  which  rests  upon  and  is  bolted  to  masonry  piers.  (See  Ban- 
kine,  Trautwine,  and  others). 

864.  In  calculating  the  area  of  metal  required  in  such  columns 
special  formulse  are  used.  These  formula  are,  as  explained  in 
paragraphs,  for  long,  hollow  cylinders, 

S  = ^— ^     or    P  =    ■    ^  p  ;      •    .    (466) 

1  +  a^ 

and 

P  =  — ^; (467) 

l  +  a^S 

in  which  P  =  crushing  load  in  pounds  ;  a  =  a  constant  deter- 
mined experimentally;  S  =  metal  area  in  square  inches;  /  =  length 
in  inches  ;  h  =  diameter  in  inches  if  round,  and  the  least  side  if 
square  or  rectangular  in  cross-sections  ;  p  =  radius  of  gyration  ; 
c  =  safe  resistance  to  crushing  in  pounds  ;  a  varies  with  the  ma- 
terial of  which  the  column  is  made,  and  upon  the  bearings  of  its 
ends.  Three  cases  may  arise:  1.  When  the  ends  of  the  columns  or 
sections  have  broad,  flat  capitals,  and  bases  turned  or  planed.  2. 
When  the  columns  or  sections  do  not  have  true  or  square  ends,  or 
have  one  end  in  this  condition;  or  when  one  or  both  ends  are 
hinged  or  rest  upon  pin-bearings.  3.  Or  when  both  ends  are  rough 
or  have  hinged  or  pin  bearings.  In  the  first  case  the  columns  are 
said  to  have  fixed  ends.  For  cast  iron,  a  =  -^^j^,  and  when  the 
ends  are  hinged,  or  rest  against  pins  ;  a  =  ■^.    For  the  present 

purpose,  in  the  second  of  the  above  formulsB  a  =  ^uVtt*  ^"^  f^  ^  6' 

o 

The  determination  of  the  value  of  the  radius  of  gyration  p,  and 
the  values  of  a  for  the  several  forms  of  columns,  have  been  fully 
discussed  in  another  article. 

In  the  piers  above  described  each  of  the  14  columns  would  have 
to  carry  approximately  75,000  lbs.,  including  the  weight  of  the  roll- 
ing load,  weight  of  the  oridge,  its  own  weight,  and  part  of  the 
braces.     Then  A  =  12  in. 

.-.  h'  =  144  in.;     /  =  17  ft.  =  204  in.;    /•  =  41,616. 
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For  cast  iron^ 

c  =  80,000  lbs.,  or  safe  value  =  i  X  80,000  =  16,000  lbs.,  a  =  ^. 

Substituting  in  eq.  (466), 

75000(1 +  ^X^)  ^ 

^= 16000 =  8  sq.  m. 

Substituting  in  eq.  (467), 


«t/^r./xA^     .         1  41616\ 

^^^  1  +  3000  ^ -IT J 


^= 1^^^ ^— =  8fsq.in. 

The  actual  metal  area  in.  these,  columns  at  bottom  is  34^  sq.  in., 
and  as  we  have  already  allowed  a  factor  of  safety  of  5,  the  ulti- 
mate factor  is  about  20. 

If  in  columns  12  in.  in  diameter  only  9  sq.  in.  of  metal  is  taken, 
the  metal  thickness  would  be  entirely  too  small.  Therefore  in 
such  cases  it  has  to  be  arbitrarily  increased  to  -f^  or  |  of  the  diam- 
eter. We  could  then  assume  a  thickness  of  metal  of  }  in.  or  1  in. 
In  the  latter  case,  S  =  3d  nearly.  Substituting  and  solving  the 
equation  with  respect  to  d,  we  could  find  the  required  diameter  of 
the  column. 

This  would  be  a  rather  long  and  tedious  calculation,  as  d 
appears  in  p  and  h  in  the  two  formulae,  requiring  the  solution  of  an 
equation  of  the  second  degree.  But  practicaKy  for  columns  from 
15  to  20  feet  long  the  diameters  would  rarely  be  less  than  from  6 
to  12  inches,  and  a  metal  thickness  equal  to  ^f  of  the  external 
diameter  would  give  a  safe  column  under  ordinary  circumstances. 
To  find  the  breaking  load  of  a  column  17  ft.  long,  12  in.  erternal 
diameter,  metal  thickness  1  in.,  we  have, 

4 

rS 
P=  ,,,    c=  80000  lbs.,    .V  =  34.5  sq.  in.,    /  =  204in., 


!  +  «;: 


d'      144 


hence 


80000  X  34.5  „^^^^^  ,, 

" ,    ,       1_       4161-6  =  ''^"^  ^^' 

"*"  3000  ^     18 
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or  45,216  lbs.  per  sq.  in.  =  22.6  tons  per  sq.  in.;  and  by  a  similar 
process  for  a  6-in.  cylinder^  metal  thickness  i  in.^ 

"^  3000  ^    4.5 

or  19,590  lbs.  per  sq.  in.  =  9.8  tons  per  sq,  in.,  and  with  a  factor  of 
safety  of  6,  the  safe  loads  per  sq.  in.  would  be  3.8  tons  and  1.6  tons 
per  sq.  in.  respectively.  The  above  explains  sufficiently  the  deter- 
mination of  the  breaking  loads  of  any  given  cylindrical  column, 
and  also  the  necessary  area  to  bear  any  given  load.    For  a  hollow 

,       (one  side  in  inches)'      ,,  , 

square  cross-section,  p  =  -^ --,  other  values  as 

above.     For  the  hollow  square  with  thick  sides, 

D*,  A'  -7-  6;    for  the  cross,  +h;  jrj  —Jt.> 

b        24      24 

for  angle-iron,  L^       — |^, 


r,  12(ay  +  be'). 


S  in  every  case  is  the  actual  metal  area  of  the  cross-section  in 
square  inches.  In  castiron  none  but  the  circular  cross-section,  as 
used  in  the  above  examples,  are  employed  as  a  rule.  Instead  of 
a  =  -sTj^ffTT,  as  used  above,  Trautwine  makes  a  =  ujVir*  which  would 
give  a  little  greater  value  for  P, 


CAST-IBON  BEAMS. 


^- 


865.  The  usual  forms  of  cross-section  for  cast-iron  beams  are 
the  trough  or  U  shape,  the  tee  T  or  double  tee  I,  and  these  are  only 
used  when  not  exposed  to  severe  blows  and  changes  of  temperature. 
They  should  be  cast  without  sharp  angles,  which  are  lines  of  weak- 
ness, and  there  should  be  no  sudden  changes  in  thickness  of  metal 
in  adjoining  portions.  Such  changes  should  be  gradual.  As  cast 
iron  has  a  considerably  greater  coefficient  of  resistance  to  crush- 
ing than  it  has  to  tearing,  the  main  portion  of  the  metal  should  be 
80  placed  that  it  will  be  at  that  surface  of  the  beam  under  tension ; 
that  is,  the  upper  surface,  if  a  cantilever  or  projecting  beam,  and  at 
the  lower  surface,  if  supported  at  both  ends. 
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866.  Find  the  centre-breaking  load  of  a  cast-iron  tee  or  single- 
flanged  beam^  as  shown  in  Fig.  309. 


I 


J— I 


r 

♦w 


o-t4-+H-f —  o. 


Fig.  309. 

Clear  length  of  span  =  15  ft. ;        Total  depth  of  beam  =  14  in-; 
Web,  13  in.  X  1  in.  =  13  sq.  in ;  Flange,  6^  in.  x  lin.  =  6i  sq.  in. 

fl 
The  general  formula  i/„  =  m  IfZ  =  *—  w  =  i. 

if 

First  find  the  position  of  the  neutral  axis  oo,  in  Art.  XXXUL 


yo  = 


2 


+  M,(«f  +  i^,) 


hence 


Id  +  l,d, 

J  =  6.5;    d  =  1,  inches, 
ft^=l;      ^.  =  13    " 


^0   = 


6.5  X  1 
2 


+  13(1+6.5) 


6.5  +  13 


=  5.07  in. 


from  bottom  of  beam,  and  y^  =  14  —  5.07  =  8.93  in.,  from  the  top 
of  the  beam. 

Assuming  the  unit  resistance  to  tearing  at  20,000  lbs.  and  to 

crushing  at  80,000  lbs.  per  square  inch,  then,  since   ^  ^^  is  less  than 


5.0^ 


80000 


^  ^^  ,  we  make  -  =  -rr:^  =  3925.    And  in  same  Art.  XXXIII, 
8.93  y        5.07 

equation  (142),  we  find 

ft^  =  l;     y^=8.93:     7;  =6.5;     y„  =  5.07;     rf  =  l; 
7  =  ^  [(8.93)'  -1-  0.5  .\o:)^  -  5.5(4.07)']  =  417.13. 
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Hence  mPF/  =  i  W7  =-^=  3925  x  417.13  =  1,637,135  in. -lbs.,  and 

y 

Z  =  15  ft.  =  180  in.;  .-.  W-  36,381  lbs.  =  18.19  tons  of  2000  lbs., 
or  16.25  tons  of  2240  lbs.  The  above  includes  the  weight  of  the  beam 
considered  as  uniformly  distributed;  (13  +  6^)  X  180  =  3510  cu. 
in.  There  are  about  4  cu.  in.  in  a  pound,  hence  the  beam  weighs 
A»^  =  877.5  lbs.,  or  0.44  tons,  and  the  equivalent  centre  load  =  0.22 
tons.  The  external  breaking  load,  then,  17.97  tons,  or  16.03  tons  Of 
2240  lbs.  The  actual  breaking  weight,  as  given  by  Trautwine, 
is  12.5  tons,  determined  by  experiment.  Trautwine  always  uses 
the  ton  of  2240  lbs.  In  this  work  it  will  always  be  taken  at 
2000  lbs.,  unless  otherwise  specially  noted.  Using  a  factor  of 
safety  of  5,  the  safe  load  would  be  3. 6  tons,  and  if  the  load  is  uni- 
formly distributed,  safe  load  =  7.2  tons. 

Unless  the  cast  iron  is  of  excellent  quality  its  allowed  resistance 
to  tearing  should  not  be  more  than  18,000  lbs.,  instead  of  20,000, 
as  used  in  the  above  example.  On  this  basis  the  centre-breaking 
load  would  only  be  16.23  tons. 

867.  Find  the  centre  breaking  load  of  a  double-flanged  cast-iron 
beam  with  the  following  dimensions  (see  Fig.  310):  Length  of 


Fig.  810. 

^an  =  I  =  30.75  ft.;  upper  flange  =  4.12"  X  1.5"  =  6.18  sq.  in.; 
lower  flange  =  15"  x  2.25"  =  33.75  sq.  in.;  web  =  20.5"  X  1.5 
=  30.75  sq.  in.  Total  depth  of  beam  =  24.25  in.  Referring  to 
Art.  XXXIII, 


y.= 


hd"      hd^      Id* 
2  "^     2    "^    2 


+  b,d,d  +  bM^,  +  d) 


// 


bd  +  b,d,  +  bA 

b  =  15";  d  =  2.25";  b,  =  1.5";  rf,  =  20.5";  ft,  =  4.12";  d,  =  1.5 

Substituting,  wo  find  y,  =  8.0"  and  y,  =  24.25  -  8.0  =  16.25 
in. 

/=  4[^.*  +  *.y.'  -  (*  -  *,)(y.  -d)'-  (*.  -  i.)(y.  -  dn 
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Substituting  above  values  and  reducing^  we  find 

r       4r...  nr:        •        20000^80000      /      20000      ^.^ 
7  =  4771.95;    emee -— < -j^,    ^  =  -^  =  2500; 

M,  =  ^=  2500  X  4771.95  =  11,929,875  inch-poundBj 

if 

if^  =  w  H7  =  i  }F  X  (30.75  X  12)  =  11,929,875. 

Henco  W=  129,321  lbs.  or  64.66  tons  of  2000  lbs.  or  57.8  tons  of 

2240  lbs.     The  total  area  of  cross-section  is  70.68  sq.  in.;  70.68 

X  369  =  26,081  cu.  in.;  4  cu.  in.  to  the  pound  gives  6520  lbs.,  or 

2.26,  equivalent  centre  weight  =  1.13  tons;  external  load  64.66  — 1.13 

=  63.53  tons  of  2000  lbs.,  or  57.8  -  1.13  =  56.67  tons  of  2240  lbs. 

Trau twine  gives  actual  breaking  weight  58.0  tons  of  2240  lbs.    The 

63  53 
safe  load  in  the  above  case  =  —^ —  =  12.71  tons.    For  a  uniformly 

0 

distributed  load  we  have  for  the  breaking  load  63.53  x  2  =  127.06 
tons,  and  safe  load  25.41  tons.  With  the  aid  of  a  table  of  squares 
and  cubes  of  numbers  the  above  calculations  can  be  nuule  with 
ease  and  rapidity. 

868.  Trautwine  gives  the  following  empirical  rule,  known  as 
Hodgkinson's  rule: 

Multiply  area  of  bottom  flange  by  the  total  depth  in  inches, 
and  this  product  by  the  constant  2.166,  and  divide  by  the  clear 
span  in  feet.     This  rule  gives  for  the  first  case  a  single-flanged 

^  •         u              TI7      6.5  X  14  X  2.166       .«,,  .  .  ,,^,^  ,, 

cast-iron   beam.     W  = — =  13.2  tons  of  2240  lbs. 

15 

as  compared  with  16.03  tons  by  the  general  formula.     Applying 

this  rule  to  the  beam  supported  at  both  ends,  double-flanged  cast- 

,           ^      15  X  2.25  X  24.75  X  2.166       ^^  ^  ^  , 

iron  beam  W  =■ so^T^ ^  ^  compared 

with  57.8  tons.  As  these  are  the  centre  breaking  weights,  one  half 
of  the  weight  of  the  beam  should  be  deducted.  The  uniformk 
distributed  breaking  load  would  be  13.2  x  2  =  26.4  tons  and  o^'') 
X  2  —  117.0  tons,  but  the  entire  weight  of  the  beam  should  be 
deducted  in  this  case. 

Knowing  the  load  to  be  supported  and  the  depth  of  the  beam, 
we  can  find,  from  the  above  rule,  the  area  of  the  bottom  flange, 
and  then  the  area  of  the  top  flange  is  taken  as  equal  to  one  siith 
of  that  of  the  bottom  flange,  as  the  resistance  to  erushing  of 


I 
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cast  iron  is  about  six  times  that  of  its  resistance  to  tearing^  and  the 
web  has  the  thickness  of  each  flange  where  it  joins  them^  changing 
gradually  between  the  two.  By  an  exactly  similar  process  the 
strength  of  any  form  of  cast-iron  beam  can  be  found,  or  a  beam 
designed  to  carry  any  load. 

869.  The  more  common  problem  is  the  determination  of  the 
proper  dimensions  and  form  of  beam  to  sustain  safely  the  given 
load  with  the  least  amount  of  material.  In  this  the  given  load 
should  be  multiplied  by  the  factor  of  safety,  which  is  from  4  to  6. 
This  gives  the  value  of  Win  the  preceding  formulae.  The  clear 
length  is  known.  The  total  depth  is  some  fraction  of  the  length 
varying  from  |  to  ^  of  the  clear  span.  The  depth  should  be  as 
great  as  practical  considerations  will  allow  so  as  to  reduce  the 
amount  of  material  and  also  to  reduce  the  deflection  to  a  mini- 
mum. The  allowable  deflection  may  vary  from  -^  ^^  tsW  ^^  *^® 
span.  Ordinarily  ^ji^^  of  an  inch  for  each  foot  of  length  or  ^J^  of 
the  clear  length  will  answer  for  beams  of  not  very  great  length. 


DEFLECTION   OF   CAST-IRON  BEAMS. 

870.  For  the  single-flanged  beam,  Fig.  309 :  The  value  of  the 
deflection  for  beams  supported  at  both  ends  and  loaded  with  a 
single  weight  at  the  centre, 

__    I    Wr  _  n"fV  .      . 

^»  "  EI~^  ■"  TEy\ ^^^^^ 

TJsing  the  flrst  form  we  have  W=  36,381  lbs.,  7=417.13,  E- 
12,000,000, 1  =  15  ft.  =  180  in.  Substituting,  we  find  the  value  of 
t\ ,  all  dimensions  in  inches.  It  will,  however,  be  easier  to  use 
/,  in  feet  =  121,  and  eq.  (1)  becomes 

1       Vlg//       ZeWl*         .   ,     ,       1„      36381 
"' =  m^8- =  ^T'    safe  load  =  3^= -3-5 


hence 


^  36  X  i(36381)  X  (ISV  ^  ^  ,^^  ^^^^ 
»  12000000  X  417.13         ^-^^  ^  ^  ' 


greatest  deflection  under  working  load. 
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The  proof  load  is  from  one  half  to  one  third  the  ultimate  or 

breaking  load,  making  W=  — ^ — ,  v,  =  0.442  inch;  and  for  the 

same  beam  under  a  uniformly  distributed  load  equal  in  amount  to 
Wy  take  five  eighths  of  the  above  deflectiou,  that  is,  under  safe 
load  v,  =  I  X  0.177  =  0.11  in.,  and  under  proof  load  t;,  =  f  x  0.442 

=  0.278  in.    Using  the  second  part  of  eq.  (1),  v,  =  -r^r^,  w"  =  \, 

20000 

/=  -^,  I  =  180  in.,  E  =  12,000,000,  y,  =  5.07;  and  substituting, 

we  find  i\  =  0.177,  same  as  above. 

For  the  double-flanged  cast-iron  beams  (Fig.  310),  centre-break- 
ing load    W=  129,321  lbs.;  safe  or  working  load  =  25,864  lbs.; 

I  =  30.75  ft.;  i  =  4771.95;  ..  =  -^--  =  -^  =  ^. 

_  36  X  25864  X  29076  _  ^  .^o  • 
•'•  ^»  "■  12000000  X  4771.95  "       "^  ^'' 

or 

-  </V  _  i  X  40000  X  136161  _  ^  .  ..o  • 
^'  "  4^>.  "■  4  X  120000000  X  8  ^    "   '     ^'' 

deflection  under  working  or  safe  centre  load.  If  the  same  load  is 
uniformly  distributed,  t;,  =  |  x  0.473  =  0.296  in.  For  proof  load 
equal  to  two  fifths  breaking  load  r,  =  0.946  in.,  and  for  proof  load 
uniformly  distributed  v^  =  f  x  0.946  =  0.591  in. 

For  the  same  beams  fixed  at  one  end  and  loaded  at  the  other, 
M,  =  Wl  =  1,637,135  in.-lbs.     Hence 

9095 
for  single-flanged  cast-iron  beam,  making  Fr=  — r-J  7=417.13: 

E  =  12000000;  /=  ?^;  y,  =  5.07;  I  =  180  in.;  w"  =  1/3. 
For  a  uniformly  distribnted  load  of  the  same  amonoi 

_  1  Wl'  _  n"fV 
^'~  8'eT~  Ey  ' 
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All  quantities  as  above,  except  n"y  =  \\  then  v^  =  0.265  in.  By 
making  fF  =  f  X  9095  we  find  the  deflection  just  double  the  above 
under  proof  load ;  as  the  load  is  uniformly  distributed,  n"  =  i.  But 
m,  which  appears  in  the  value  of  /,  is  =  i;  the  coefficient  then  is 
n"m  =  ^. 

For  the  double-flanged  cast-iron  beam,  if  fixed  at  one  end,  we 
would  find  Wy  the  breaking  load,  =  32,330  lbs. ;  safe  load  =  6466 
lbs. ;  /  =  30.75  =  369.0  in.;  v,  =  1.89  in.  for  a  single  weight  at 
the  end. 

The  last  two  cases  are  merely  given  for  purposes  of  comparison, 

as  projecting  beams  of  such  lengths  as  30.75  ft.  and  only  2  ft. 

deep  would  never  be  used ;  even  15  ft.  would  be  unusual.    We  see, 

for  instance,  that  a  beam,  fixed  at  one  end  and  loaded  at  the  other, 

30.75  ft.  long  has  a  deflection  of  1.89  in.  under  a  working  load 

of  6466  lbs.     If  the  load  was  made  one  half  of  25,864,  which  is  the 

centre  safe  load  when  the  beam  is  supported  at  both  ends,  then  the 

deflection,  assuming  the  load  to  be  under  the  proof  load,  would  be 

12932 
r^._-   X  1.89  =  3.78,  which  is  exactly  8  times  the  deflection  of  the 

beam  supported  at  both  ends:  8  x  0.473  =  3.78  in.  Which  is 
equivalent  to  saying  that  if  a  single  load  at  the  end  of  a  beam  fixed 
at  one  end  produces  a  certain  deflection,  it  will  require  16  times  that 
same  load  to  produce  an  equal  deflection  when  the  beam  is  sup- 
ported at  both  ends  and  loaded  in  the  centre.  Similar  comparisons 
can  be  made  for  other  conditions  of  loading  and  supporting  beams, 
with  the  same  length  and  load.  Taking,  then,  the  deflection  of  a 
beam  fixed  at  one  end  and  loaded  at  the  other  as  unity,  we  have: 
Fixed  at  one  end,  load  W  at  the  other,  1;  uniformly  loaded,  f. 
Supported  at  both  ends:  load  at  centre,^;  uniformly  loaded,  yIb- 
Which  simply  means  that  if  under  a  given  load  the  calculated  de- 
flection of  a  beam  fixed  at  one  end  and  loaded  at  the  other  is  2 
in.,  then  the  same  beam  uniformly  loaded  will  deflect  2  X  f  =  |  in. ; 
and  if  same  beam  is  supported  at  both  ends  and  loaded  with  the 
same  weight  at  its  centre  the  deflection  will  be  2  X  iV  =  tt  iii-9  ^nd 
if  uniformly  loaded  it  will  be  2  X  t^f  =  0.078  in. 

871.  The  deflection  of  solid  beams  is  found  in  an  exactly  sim- 
ilar manner,  only  being  simpler  in  solution.  Assuming  the  trestle 
stringer,  as  solid  beams  are  seldom  made  of  any  material  other 
than  timber,  each  string-piece  having  a  uniformly  distributed  load 
of  21,600  lbs.,  length  of  span  =  15  ft.  =  180  in.;  E  =  800,000  lbs.; 
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h  =  7.6  in.;  d  =  16  in.;  /=  ^V^rf";  y,  =  r  =  jyi  =  8  in.;  /=  1500 
lbs. ;  /'  =  5,832,000;  V  =  32,400;  we  haye,  after  substitnting, 

^51   Wl'  _  n"f,V  ^ 
^'^       8  48  El"  4:Ey.  ' 

and  also  recollecting  that  n"  =  3^,  then  there  results  v^  =  0.79  in. 
Other  conditions  of  loading  and  supporting  timber  beams  can  be 
similarly  found  by  using  the  proper  value  of  v„  and  for  other 
materials  by  giving  proper  values  to  W^,,/,,  E,  and  /. 

872.  To  find  the  ratio  of  depth  to  length  in  order  that  a  timber 

beam  shall  not  deflect  more  than  ^i^  o^  ^^  length,  that  is,  -^  of  an 

inch  per  foot  of  length,  which  for  a  beam  15  feet  long,  is  not  more 

d       n"f   I  5 

than  41  of  an  inch  =  0.37  of  an  inch.   Using  -7  =  -nr^,  -->^"  =ts;> 
'*"  ^  I      ^Em' v^  12' 

/,  =  1000;  ^=800,000;  w'  =  i;  -  =  480. 

Then 

d  _  5  1000  X  480     _1  ^-«i-180_. 

/  ""  12^fx800000x4  ~  8'     -''^"S^S    -  ^^'^  ^^• 

If,  however,  we  apply  the  above  formulae,  allowing  a  safe  work- 
ing strain  of  1500  lbs.,  thereby  increasing  the  safe  load  to  21,600 
lbs.,  as  used  in  the  preceding  paragraph,  a  much  deeper  beam  would 
be  required.  The  reason  that  ^^ir  of  the  length  was  adopted  was 
because  this  amount  of  deflection  is  so  little  that  it  will  not  crack 
plaster  on  ceilings.    Under  other  circumstances  a  smaller  value  for 

—  could  be  used.    If  this  were  reduced  to  ^^  of  its  length,  or  0.6  in., 

d        1 
the  required  depth  would  be  -y  =  -jr-^  =  14.06  in.  for  the  depth  of 

the  beam.  Prom  ^  to  ^  of  the  length  is  probably  the  usual  and 
best  practice,  giving  an  average  of  ^  for  ordinary  purposes.  The 
above  calculations  are  for  beams  supported  at  both  ends  and  uni- 
formly loaded. 

873.  As  timber  beams  are  often  used  under  walls  of  houses, 
it  is  often  required  to  know  what  projection  beyond  the  wall  is 
allowable,  using  a  timber  of  square  cross-section.  This  is  a  case 
of  a  beam  fixed  at  one  end  and  acted  upon  by  pressures  which  are 
the  resistances  of  the  foundation -beds  upon  which  the  timber 
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rests.  In  this  case  it  is  required  to  know  the  value  of  /  in  terms 
of  the  depth,  and  we  have  ^  =  -jf^  -j-.    Making  -  =  j^,  and 

other  quantities  as  before,  we  have  ^  =    -,^^ — t—-.    ^  =  2.5,  if 
^  d        ^1000x480       d 

d  =  12  in.,  and  /  =  30  in.     On   either  side  of  the  wall,  if  it 

is  2  ft.  thick,  the  actual  base  could  be  spread  over  an  area  at 

least  7  ft.  wide,  or  if  a  maximum  strain  of  1000  lbs.  is  allowed, 

V  1  I 

and  J  =  ^rrrr,  which  would  be  within  amply  safe  limits,  ^  =  4, 

OT  I  =  4d;  it  d  is  12  in.  and  Z  =  4  ft.,  the  spread  of  base  would 
then  be  10  ft.  wide.  It  is  evident  that  by  using  several  layers  of 
smaller  timbers  crossing  each  other  so  as  to  keep  the  projections 
within  a  limit  of  2  ft.  a  spread  of  base  can  be  secured  safely  to 
any  desired  extent. 

874.  Before  determining  the  ratio  of  depth  to  length  for  cast- 
iron  beams,  it  will  be  better  to  determine  the  proper  proportions 
of  the  flanges  and  web  so  that  they  shall  have  equal  strength  above 
and  below  the  neutral  axis,  as  it  is  evident  that  the  strength  of  a 
beam  is  that  of  its  weakest  part;  and  if  any  other  part  is  stronger, 
it  necessarily  involves  a  waste  of  material,  and  consequent  useless 
cost,  in  addition  to  making  the  dead  weight  more  than  necessary. 
For  these  reasons  iron  and  steel  beams  are  seldom,  if  ever,  of  a  solid 
rectangular  section;  the  metal  is  so  placed  that  each  unit  of  area 
performs  its  full  duty  as  far  as  practicable.  Few  materials  have 
the  same  resistance  to  crushing  as  they  have  to  tearing;  as  the 
resistance  to  bending  consists  in  resistance  to  crushing  of  the  fibres 
at  and  near  the  extreme  upper  and  tearing  of  the  lower  layers,  or  of 
tearing  of  the  upper  and  crushing  of  the  lower  layers,  respectively, 
according  as  the  beam  is  supported  at  both  ends  or  only  fixed  at 
one  end,  the  web  usually  being  assumed  only  to  resist  the  shear- 
ing force  and  to  properly  connect  the  flanges  together.  In  any 
given  beam,  then,  the  material,  to  resist  the  bending  action,  is  con- 
centrated in  the  upper  and  lower  flanges,  in  the  inverse  ratio  of  their 
resistances  to  crushing  and  to  tearing  per  square  inch.  The  web, 
whether  composed  of  solid  plates  or  open  work,  is  then  propor- 
tioned 80  as  to  connect  rigidly  the  flanges  and  bear  the  shearing 
strain.  In  ordinary  beams  practical  requirements  in  manufacture  or 
construction  will  always  provide  a  sufficiency  of  material  in  the  web 
to  carry  safely  its  portion  of  the  strain,  and  as  in  beams  under 
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transverse  strain  the  intensity  of  the  internal  stress  is  assumed  to 
vary  uniformly  from  zero  at  the  neutral  axis  to  its  maximum  at 
the  upper  and  lower  surfaces,  it  is  evident  that  the  following 
relations  between  the  intensities  and  their  respective  distances 
from  the  neutral  axis  must  exist : 

Lety.  =  the  distance  of  the  extreme  fibre  from  the  neutral 
axis  on  the  extended  side  ; 
y,  =  the  distance  of  the  extreme  fibre  from  the  neutral 
axis  on  the  compressed  side ; 
y,  +  yi  =  ^  =  total  depth  of  beam  between  extreme  fibres,  or,  as 

sometimes  taken,  between  centres  of  gravity  of  the 
flanges,  and  sometimes  in  built  beams  between  cen- 
tres of  rivet-holes  in  the  two  flanges; 
/,  =  modulus  of  resistance  to  crushing  per  square  inch; 
/,  =  modulus  of  resistance  to  tearing  per  square  inch. 
Then 

Also,  let  A^  =  the  area  of  the  compressed  flange; 
-4,  =  the  area  of  the  web ; 
^,  =  the  area  of  the  extended  flange. 

As  the  only  horizontal  stresses  are  the  compressive  on  one  side 
and  tensile  on  the  -  other,  of  the  neutral  axis,  the  conditions  of 
equilibrium  require  that  the  total  compressive  stresses  must  be 
equal  to  the  total  tensile  stresses,  and  that  they  must  act  in  oppo- 
site directions;  in  other  words,  their  algebraic,  sum  must  be  equal 
to  zero.  Taking  first  the  single-flanged  cast- 
iron  beam  (see  Fig.  311),  that  portion  above 
the  neutral  axis  oo^,  in  beams  supported  at  both 
ends,  and  below  when  fixed  at  one  end,  will 
be  under  compression;  f^  is  the  greatest  proof  ^  — +-■»  ^* 
or  working  strain   in  compression  per  square 


inch,  its  mean  intensity  is  ~ ;  and  as  the  thick-  ^®'  ^^^* 

ness  of  the  flange  is  small  as  compared  to  the  total  depth  of  the 
beam,  we  can  without  sensible  error  assume  the  web  to  extend  to 
the  extreme  lower  surface.     The  total  compression  uniformly  d  is- 

tributed  over  the  area  of  the  web  is,  then,  -4,—.    Similarly,  the 
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mean  intensity  of  the  tensile  stress  distributed  uniformly  of  the  same 
area  =  A^  =^,  and  the  resultant  stress  A/^  —  aJ^^     AJx^J^ 

w  jit  Ai  At 

This  difference  is  compressive^  as/^  for  cast  iron  is  greater  than/.. 
The  total  tensile  stress  in  the  bottom  flange  =  AJ^.    Hence  for 

equilibrium  AJ^  =  "^^U^^iJl^    Hence 

A,=^-^A,, (469> 

whi'^h  is  the  required  relation  between  the  lower  flange  and  the 
web. 

The  relation  in  eq.  (468),  if  we  assume  the  resistance  to  crush- 
ing at  80,000  lbs.  and  the  resistance  to  tearing  at  20,000  lbs.  per 
sq.  in.  is  100,000  :  20,000  :  80,000  ::/«  +/,  :/,  :/„  or  5  :  1  :  4  ::/. 

4  —  1 
+  ^1  '/o  •/!•     Substituting  in  eq.  (469),  -4,=  — k~  ^t  =  ^\^%y  or, 

aasuming/,  =  16,000  and  /,  =  80,000, 

A  =  ^-4.  =  2^, (470) 

For  the  double-flanged  cast-iron  beam  a  similar  course  of  reason- 
ing  gives,  as  the  resultant  compression  on  the  web,  =       '^'  , 

compression  on  upper  flange  =  A^f^\  and  tension  on  lower  flange  = 
A^f^.    Hence,  for  equilibrium, 

^./.  -  (^./. + -^^f^Y^) = ^''  •••^•=  ■^■^'+^^^^'-  ^*'^^> 

Substituting  the  above  values  or  ratios  of/,  and/,,  we  have 


A,  =  ^A,  +  iyi^.  =  4.A,  +  \U.\ 
A  =  \a,  +  ^^.  =  bA,  +  2 J,.  J 


.     .     (472) 


If,  as  is  usually  the  case,  the  web  is  not  to  be  considered  aa 
resisting  the  bending  action,  we  must  include  A^  in  A^.     Then 

A,=zh^A,  or  1  A, (473) 
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*T^ -  _ K^    1  I — 

In  words^  the  extended  flange  A^  must  be  from  1^  to  2  timee 
the  area  of  the  web  in  single-flanged  beams,  and  from  5^  to  7 
times  the  area  of  the  compressed  flange  in  double-flanged  beams. 
The  web  is  then  made  the  same  thickness  as  the  flanges  at  top  and 
bottom,  gradually  changing  between  these  limits.  It  must  be 
remembered,  however,  in  thus  proportioning  the  areas  of  the  flanges, 
that  thick  castings,  that  is,  when  they  are  from  2  to  3  in.  thick, 
are  relatively  weaker  in  proportion  than  thinner  ones,  and  smaller 
values  of /„  and/^  are  to  be  used  in  finding  the  breaking  load  when 
beams  have  very  thick  flanges. 

It  is  evident  that  in  the  two  cases  of  cast-iron  beams  whose 
breaking  loads  were  determined  (Figs.  309  and  310)  the  single- 
flanged  beam  is  not  well  proportioned  according  to  the  above 
requirement  (that  is,  A^  =  I^^,),  as  in  that  beam  A^  =  6.5  in.  and 
A^  =  13  sq.  in.;  but  if  it  means  that,  practically,  that  portion  of 
the  web  above  the  neutral  surface  is  A^ ,  and  the  portion  below  is  a 
part  of  the  lower  flange,  then  A^  =  (14  —  5.07)  X  1  =  8.97  X  1  = 
8.97  sq.  in.  and  the  lower  part  =  13  —  8.97  =  4.03,  and  4.03  +  6.5 
=  10.53  sq.  in.,  and  A^  =  1.17-4,. 

The  beam  with  two  flanges.  Fig.  310,  gives  A^  =  33.75  sq.  in. 
and  A^  =  6.18  sq.  ins.,  and  we  find  -4,  =  5.46-4^,  which  agrees 
fairly  well  with  the  previous  value. 

875.  If  the  beams  are  not  well  proportioned,  we  find  the  value 
•of  the  ratio  of  depth  to  length  of  span,  for  beams  fixed  at  one  end, 

^  -  ^"fo  (Q^/i)  i .  /474^ 

and  for  beams  supported  at  both  ends, 

d  _  n'%  (or/,)  I , 

T"       4^m'      V,' **'  ' 

using  whichever  is  the  smaller  value,  /,  or/,,  according  to  the 
material  of  the  beam.     But  as  beams  should  be  properly  propor- 
tioned, we  will  convert  the  above  equations  into  forms  applicable 
only  to  equal  strength  above  and  below  the  neutral  axis. 
From  the  relation/  +/  :/  :/  ::  d  :  y, :  y,. 
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Snbstitnting  in  equations  (474)  and  (475),  there  results: 
For  a  beam  fixed  at  one  end^ 

^.^-:if.+nL, (476) 

for  a  beam  supported  at  both  ends^ 

l"         4.E        V, ^     ^ 

The  factor  n''  depends  on  the  manner  of  supporting  and  load- 

f       f 
ing  the  beam/^  or*-^  being  the  proof  strain  or  working  strain  of 

the  material,  —  the  ratio  of  length  of  span  to  the  allowed  defiec- 

d 
iiony  and  j  the  ratio  of  the  length  to  the  depths  so  that  the  deflec- 
tion may  not  be  exceeded. 

In  using  the  above  equations — and^  in  fact,  all  of  the  equations 
involving  w"and/^or/j — it  must  be  borne  in  mind  that  if  we 
simply  desire  to  limit  the  values  of  /,  ai^d/,  to  a  certain  number  of 
pounds  per  square  inch  we  are  not  concerned  as  to  what  may  be 
the  value  of  the  actual  load  or  of  the  bending  moment,  both  of 
which  quantities  will  be  different  for  each  mode  of  supporting  and 
loading  the  beam.  We  have,  then,  only  to  substitute  the  deter- 
mined or  assumed  values  of  the  several  quantities.  But  if  we 
desire  to  determine  the  deflection  caused  by  any  given  load  on 
beams  fixed  at  one  end  or  supported  at  both  ends,  the  same  load 
being  used  in  each  case  and  the  same  load  either  as  a  single  or  uni- 
formly distributed  load,  it  then  becomes  necessary  to  assume  that 
the  value  of  m,  the  constant  in  the  bending  moment  m  Wl,  is  con- 
tained in/,  or/,,  as  the  maximum  strain  per  square  inch  is  differ- 
ent for  the  same  load  when  applied  at  one  end  of  a  beam  and  fixed 
at  one  end  or  when  uniformly  distributed,  and  also  when  sup- 
ported at  both  ends  and  loaded  at  the  centre  or  uniformly  loaded. 
Bearing  the  above  principle  in  mind,  it  is  evident  that  these  forms 
of  equations  are  of  great  convenience  and  simplicity,  as  they  do  not 
require  the  actual  load  to  be  known  until  the  depth  of  the  beam 

has  been  determined.     Then,  substituting  the  same  value  of /in 

fl 
mWl  =  — ,  we  find  the  load  which  can  be  placed  on  the  beam. 
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876.  We  will  now  apply  equation  (477)  to  the  two  cast-iron 
beams  in  Figs.  309  and  310,  assuming  that  they  are  properly  propor- 
tioned.    In  the  first  the  beam  is  a  single-flange  cast-iron  beam  of  an 

cross-section,  loaded  in  the  centre  and  supported  at  botli 

ends,  w"  =  ^;  /„  varies  from  16,000  to  20,000  lbs.;  /^  varies  from 
80,000  to  100,000  lbs.  Taking  average  values  and  allowing  a  fac- 
tor of  safety  of  5,/,=-ix  18,000=3600  lbs.;  /,=|X 90,000=18,000 
lbs.     ^vai-ies  from  16,000,000  to  20,000,000;  average,  16,000,000 

lbs.  per  square  inch.    Assume  v^^-^^l;  /.  —  =  600.    Then 

^  __  ^''(fo  +/,)  I  __  1  (3600  +  18000)  600  _  108^  _  J_^ 
I  "         4:£         V,  ■"  12       16000000         1    ""  1600  ~  14.8' 

180 
.\  d=  Yj-^  =  12.16  inches  (12^  inches,  nearly). 

If  this  same  beam  is  uniformly  loaded  so  as  to  produce  the 
.same  strains  as  above,  n''  =  3^,,  and 

^,5  21600X600,  1  .  .rf- 152.-15  2  (.-ISA)  inches 
/  ■"  48    16000000         11.85'     "  ^  "  11.85  ~  ^^'"^  ^""  ^^^^  ^^^^^ 

as  the  proper  depth.  This  at  first  sight  seems  inconsistent,  requir- 
ing a  deeper  beam  when  uniformly  loaded  than  when  loaded  at  the 
centre;  but,  as  explained  in  the  preceding  paragraph,  to  produce 
the  same  strains  in  the  uniformly  loaded  beam  requires  twice  the 
load,  as  compared  with  a  single  centre  load,  to  give  the  same  values 
of/,  and/,.    If  the  same  load  is  spread  uniformly  over  the  beam, 

we  should  reduce  (/^+/)  to  i(/,+/);  then  ~  =  ^  or  rf  =  7.6 

inches  for  the  depth  of  the  uniformly  loaded  beam,  as  seen  by  the 
fact  that  7.6  =  f  X  12.16,  since  the  deflection  under  a  uniform  load 
is  only  five  eighths  of  that  caused  by  the  same  load  concentrated 
at  the  centre  of  the  beam.  The  actual  total  depth  in  this  case  was 
14  inches. 

For  the  double-flanged  cast-iron  beam,  where  the  length  of  the 
span  is  30.75  feet,  single  centre  load, 

d  _  1  21600  X  600  _    1  ,  _  30.75  X  12  _  ^^  oq  •    i 

7  "^  12    16000000     "  148'     '*'  ^  ~  "~14:8        ~  ^^'^^  ^''^^'^' 
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and  for  the  same  load  uniformly  distributed,  f  x  24.93  =  15.58 
inches.     Or  using 

d_  5  10800X600_     1  ^^i^rq-     u 

7  ~  48  "feOOOOOo"  ~  23:66'     •"•  "^  "  ^^'^^  '''''*'®'' 

making  n'^  =  ^  in  the  first  case  and  ^  in  the  second,  and  halving 

(/•  +/i)  =  *H^  =  10,800  lbs. 

If,  however,  the  strains  are  to  remain  the  same,  which  is  equiva- 
lent to  doubling  the  amount  of  the  load,  then 

d__  5  21600X600,     1     .      .   a-n^^inches 
I  "  48    16000000     "  11.85'     "  "^  "  ^^'^^  '''^*'®'- 

877.  For  a  projecting  beam,  as  in  foundations  where  the  base 
is  spread  by  beams  which  are  built  in  concrete, — which  is  not 
an  unusual  mode  of  increasing  the  area  of  bearing  surface  under 
high  and  heavy  buildings, — in  this  case  the  beam  is  fixed  at 
one  end,  and  the  resistances  acting  upward  are  the  equivalent  of 

a  uniformly  distributed  load.     In  such  cases,  assuming  —  =  400, 

«"  =  i/j  +/j  =  21,600,  and  substituting  in  eq.  (476),  we  have 

^  _  ^"(fo  +/»)  1  _  1  21600  X  400  _  5£, 
I  "  E  V  ~  4      16000000  4;00' 


•  • 


I  =  i^d,    if  df  =  15  in.,    /  =  111.11"  =  9.28  feet. 


In  such  cases,  however,  it  would  be  better  to  use  beams  of  less 
depth  and  length  with  shorter  projections,  and  obtain  the  desired 
spread  by  the  use  of  several  courses  or  layers  crossing  each  other 
at  right  angles.  Old  iron  rails,  thus  used  in  three  or  four  courses, 
will  answer  every  purpose,  and  are  less  costly  than  cast  or  rolled 
beams.  For  full  discussion  and  application  of  this  principle,  see 
the  writer's  work  on  Foundations.  Cantilever  beams  are  also 
largely  used  for  supporting  projecting  roofs,  platforms,  balconies, 
etc. 

In  the  following  paragraphs  wrought-iron  and  steel  rolled  and 
built  beams  will  be  discussed.  Very  satisfactory  and  extended 
tables  are  given  of  the  strength  of  such  beams  in  many  forms  of 
cross-section,  in  compact  little  volumes  published  by  the  iron  and 
«teel  companies.     The  writer  is  particularly  indebted  for  much 
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useful  information  to  the  work  issued  by  Cooper,  Hewitt  &  Co., 
of  the  New  Jersey  Steel  and  Iron  Co.,  Trenton,  N.  J.,  and  gladly 
recommends  it  to  yonng  engineers. 

WROUGHT-IEOK  AND   STEEL  ROLLED  BEAKS. 

878.  The  difference  between  the  resistance  per  square  inch  to 
crushing  and  to  tearing  is  not  nearly  so  great  in  wrought  iron  as  it 
is  in  cast  iron,  the  usual  values  being  40,000  and  50,000  lbs.,  respec- 
tiyely.  The  resistances  are  more  uniform,  and  can  be  much  better 
relied  upon.  The  more  common  form  of  solid  wrought-iron  beams 
is  usually  known  as  the  rolled  I-beam,  which  is  a  double-flanged 
beam  with  equal  flanges.  Taking  what  may  be  called  the  extreme 
differences  in  the  values  of/,  and/, ,  viz.,  /,  =  60,000,/  =  36,000, 
lbs., then /,+/  :/,  :/  ::  d  :  y,  :  y,,and8  :5  :3  ::  (i  :y,  :y,.  As 
the  resistance  in  this  material  to  tearing  is  greater  than  its 
resistance  to  crushing,/,  is  greater  than  /,,  and  the  compressed 
flange  must  have  a  greater  area  than  the  extended  flange.  Hence 
the  relation  between  the  flange  and  web  will  be,  for  a  single-flanged 
beam, 

^.  =  •^^'^.  =  1^^.  =  M;    .   .    .    (478) 

and  for  the  double-flanged  beam, 

A,=  ^A,  +^^A;   ^.=-1^.+^^.=  4^.+!^..     (479) 

These  are  exactly  similar  forms  as  found  in  cast-iron  beams, 
except  that/,  in  this  case  being  the  greater  is  placed  flrst,  and  the 
compressed  flange  A^  is  found,  instead  of  the  extended  flange.  In 
this  material  also  the  flanges  are  assumed  to  resist  the  bending 
entirely,  and  the  web  the  shearing  strain,  A^  should  then  be 
included  in  A^,  and  eq.  (479)  becomes 

A,=^2A, (480) 

879.  Single-flange  wrought-iron  beams  are  not  often  used,  and 
although  theoretically  the  compressed  flange  should  be  from  H  to  2 
times  the  area  of  the  extended  flange,  the  usual  practice  is  to  give 
the  two  flanges  the  same  area,  or  nearly  so.  Although  nearly  every 
iron  and  steel  company  has  its  own  designs  and  standard  cross-sec- 
tions and  dimensions,  there  is  probably  no  material  difference. 
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The  rolled  beams  vary  in  depth  from  1^  in.  to  20  in.  and  in  width 
of  flange  from  1^  in.,  thickness  of  flange  i  in.,  with  web  thick- 
ness of  i  in.,  to  width  of  flange  6}  in.,  thickness  1}  in.,  and  web 
thickness  i  inch.  These  weigh  from  1.75  lbs.  to  100  lbs.  per  linear 
foot.  The  web  is  of  some  uniform  thickness,  and  connected  with 
the  flanges  by  curved  surfaces.  The  flanges  decrease  in  thickness 
from  their  junction  with  the  web  to  their  outer  edges,  sometimes 
by  curved,  sometimes  by  plane,  surfaces.  The  thickness  at  the 
outer  edges  varies  from  i  to  f  ins.  Although  beams  can  be  rolled 
of  any  form  and  dimensions  required,  it  will  be  generally  found 
advisable  and  economical  to  use  when  practicable  the  nearest  sizes 
of  the  standard  beams,  rather  than  insist  upon  having  a  beam  differ- 
ing in  form  or  dimensions  by  almost  imperceptible  changes.  The 
smaller-sized  beams  are  usually  made  of  steel,  the  larger  sizes  of 
either  steel  or  iron. 

Assume  a  rolled  beam,  Fig.  312,  of  the  New  Jersey  Steel  and 

,  „ J      Iron    Co.,  Trenton,   N.   J.,    with   the  following 

r — ___  (Jiuiensions:  Breadth  h  of  flanges  =  5 J  in.,  thick- 
ness at  w«b=l|in.,at  outside  edge  ^f  in.  Thick- 
ness of  web  J I  in.  (0.6  in.  nearly).     To  find  the 

centre   breaking  load,  we  have   if^=mpr?=*^. 

m  =  i;  y  =  \d  =  l,b  in.;  Z  =  20  ft.  =  240  in,; 
/,  =  36,000  lbs. ;  moment  of  inertia  /  =  -hiP^^  — 
ftjrf/);  A  =  hd—  h^d^.  Using  average  values,  h  = 
5.75;  d  =  15;  6,  =  5.75  -  0.6  =  5.15;  d,  =  15- 
2[i  (^l  +  J^)]  =  15-  2.22  =  12.78  inches.  Hence 
/=  721.37;  A  =  20.43  sq.  in. 

dv^-w        •      ir       Lun       f^       36000  X  721.37 
Snbstitutmg  m  Jf^  =  i  fTZ  =  •^—  = =-r , 

^,      4X36000X721.37        ^rvrvinik         oq  qr  * 
.*.  W  = 240  y:  7  5 ~  57,710  lbs.  =  28.85  tons 

for  centre  breaking  load,  and  safe  load  =  ^  X  28.85  =  5.77 
tons,  and  for  uniformly  distributed  load  =  2  x  5.77  =  11.54  tons. 
This  only  allows  a  working  strain  of  ^i^^i^  =  7200  lbs.  per  eq.  in., 
which  is  sufficiently  small.  The  weight  of  wrought  iron  is  equal  to 
480  lbs.  per  cu.  ft.  Hence,  for  a  prism  of  one  square  foot  base  and 
one  yard  long  the  weight  would  be  480  X  3  =  1440  lbs.,  and  as  the 
area  of   its  base  is  144  sq.  in.,  the  weight  of  any  bar  or  solid  beam 
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is  ten  times  its  area  in  square  inches^  per  yard  of  its  length.  The 
beam  Fig.  312  containing  20.43  sq.  in.,  its  weight  per  yard  will  be 
20.43  X  10  =  204.3  lbs.  per  yard,  or  68.1  lbs.  per  foot  of  length. 
The  total  weight  of  the  beam  is  then  68.1  X  20=  1362  lbs.  =  0.68 
ton.  The  above  breaking  weight  W  —  28.85  tons  inclndes  the 
weight  of  the  beam;  but  as  the  weight  is  uniformly  distribnted  the 
equivalent  centre  load  would  be  ^  X  0.68  =  0.34  ton.  Hence  the 
external  breaking  load  =  28.85  —  0.34  =  28.51  tons.  In  case  of 
the  uniformly  distributed  load,  W  =  57.70  tons,  we  should  deduct 
the  entire  weight  of  the  beam.  Hence,  57.70  —  0.68  =  57.02  tons. 
The  centre  safe  load  being  aijjji  =  11,542  lbs.,  each  reaction  would 
be  5771  lbs.,  which  is  also  the  greatest  shearing  force;  and  as  the 
depth  of  the  web  is  12.78  in.  and  its  thickness  0.6  in.,  its  area  is 
12.78  X  0.6  =  7.67  sq.  in.,  or  a  strain  of  only  \'^  =  752  lbs.  per 
sq.  in.  for  the  single  centre  load,  or  752  X  2  =  1504  lbs.  in  case  of 
the  uniformly  distributed  load.  An  allowance  of  4000  lbs.  would 
be  amply  small.  We  see  then,  as  before  stated,  that  the  thickness  of 
the  web  required  by  considerations  of  a  practical  nature  will 
usually  provide  sufficient  area  of  web  to  resist  the  shearing  action. 

880.  For  a  steel  beam  of  the  same  dimensions  as  the  iron  beam 
Fig.  312  the  ultimate  value  of/  would  be  about  75,000  lbs.,  and  safe 
working  strain  15,000  lbs.,  or  about  double  that  of  iron.  Hencebreak- 
ing  load,  including  weight  of  beam,  Fr=  28.85  X  2  =  57.70  tons,  or 
a  safe  load  of  11.54  tons  for  a  single  centre  load,  or  23.08  tons  for  a 
uniformly  distributed  load. 

A  steel  beam  that  would  have  about  the  same  strength  as  the 
iron  beam  Fig.  312  would  have  about  the  following  dimensions: 

Breadth  of  flanges,  5.75  inches;  thickness  at  web  0.95  and  at 
outer  edge  0.55  inch;  thickness  of  web,  0.45  inch;  depth  of 
beam,  15  inches;  metal  area,  12  square  inches;  weight  per  foot  of 
length,  50  pounds. 

DEFLECTION. 

881.  To  find  the  deflection  of  the  beam  Fig.  312  under  its  safe 

or  working  load,  at  centre,  we  have  v,=    j^j    ,  /  being  in  feet.  If 

=11542  lbs.,  i5;=  28,000,000  lbs.,  and  7=721.37.  Substituting,  r,= 
0.165  inch  and  for  the  same  load  uniformly  distributed  t;^  =  f  X 
0.165  =  0.103  inch.     But  if  we  use  the  safe  uniformly  distributed 


FRAHED  STBUCTURES.  963 


load  equal  to  2w,  the  deflection  would  be  |  X  2t^,  =  f  x  0.33  = 
0.206  inch. 

Or,  using  the  form  v,=      •  ^  ,  »"= J  for  the  single  centre  load, 

/,=  7300, 1  =  20  ft.  =  240  inches,  y^i=iid=  7.5,  and  substituting,  v, 

=  0.163  inch. ;  and  for  a  uniformly  distributed  load  =  2w,  with  n''= 

5 

— ,  other  values  as  before,  then  v,  =  0.204  inch.    The  load  TF= 11,542 

is  a  small  fraction  too  large,  otherwise  the  results  by  the  two  equa- 
tions would  give  exactly  the  same  results. 

For  ordinary  purposes  a  safe  yalne  of /is  from  10,000  to  12,000 
lbs.;  and  substituting  in 

f  ^^^i'  ""^^'"^  ^ = ^^'  """^  *''^'=  *'^= ^^'^^' 

.   d_l      10000  X  1000        _  _10^, 
•'*   Z  "■  3  4  X  i  X  28000000    ^  168' 

.••  d  =  — r^5 —  =  14.28  inches  depth  of  beam, 
loo 

Or  if  uniformly  loaded  so  as  to  produce  a  strain  of  10,000  lbs.,  re- 
quiring twice  the  load  in  the  aboTe  case,  -^  =  -r — rPf—o  »"=:r^t  other 

yalues  as  before,  and  d  =  17.86  inches;  or  for  one  half  of  this  load  we 
have  i  X  17.86  =  f  X  14.28  =  8.93  inches  for  depth  of  beam.    Had  we 

used  the  expression  for  beams  of  equal  strength,  -z  =  —   \p      "~  5 

making  /^=  15,000  and  /=  10,000,  other  values  as  before,  d  = 
14.88  inches,  instead  of  14.28  inches.  This  results  from  the  close 
approximation  of  equal-flanged  wrought-iron  and  steel  beams  to 
the  properly  proportioned  beams  giving  equal  strength  above  and 
below  the  neutral  axis. 

The  above  will  apply  to  any  form  of  rolled  beams.  Such  beams 
are  used  for  tlie  cross-beams  or  girders  of  large  houses,  floor-beams 
of  iron  trussed  bridges,  as  well  as  the  longitudinal  girders  of  short- 
span  bridges,  from  10  to  25  feet,  one,  two,  or  three  such  girders 
being  placed  under  each  rail  and  bolted  together  with  packing- 
blocks  between,  those  under  the  two  rails  being  connected  by  struts 
and  diagonal  tension-rods,  the  lateral  stimts  being  small  channels 
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or  angle-irons  latticed.  In  all  of  the  above  examples  the  clear 
length  of  span  I  is  given;  the  total  length  includes  the  bearing  on 
the  points  of  support,  which  will  vary  from  6  to  9  inches  at  each 
end.  For  a  span  of  20  feet  the  total  length  of  the  beam  will  be 
from  21  to  21.5  feet,  often  as  much  as  22  feet. 

The  above  discussion  of  beams  has  been  made  without  reference 
to  their  stability  against  lateral  deflection,  the  assumption  being 
made  that  proper  width  of  flange  has  been  given  to  resist  lateral 
deflection  under  the  allowed  loads  and  strains.  But  beams  are 
often  if  not  generally  braced  laterally  to  a  greater  or  less  extent, 
for  whatever  purpose  used,  which  would  materially  increase  the 
strength  of  any  given  beam.  Especially  is  this  the  case  in  the 
usual  fire-proof  floors  for  buildings,  which  consist  of  a  series  of 
beams,  usually  I-beams,  spaced  from  4  to  5  feet  apart;  between 
these  beams  small  arches,  of  common  brick,  or  blocks,  or  voussoirs 
of  hollow  fire-clay  brick  or  tiling,  are  constructed,  over  which  is 
placed  a  thin  layer  of  cement  concrete  or  mortar,  or  other  suitable 
flooring  material,  on  which  the  ordinary  flooring-plank  may  be 
placed;  experiment  has  shown  that  a  section  of  this  hollow  arch. 
18  inches  long  or  wide,  8  inches  thick,  and  5  feet  span,  will  carry 
without  breaking  over  90Q0.  pounds,  allowing  300  pounds  per  square 
foot  (double  the  usual  load).  The  greatest  load  that  could  come 
upon  this  section  of  arch  would  be  300x1.5x5  =  2250  pounds, 
which  allows  a  wide  margin  of  safety. 

Such  arches  give  almost  absolute  rigidity  laterally  to  floor-beams, 
and  as  under  such  conditions  the  beams  are  not  subjected  to  any 
severe  shocks  or  great  vibrations,  the  actual  strength  of  beams  will 
be  very  much  greater  than  those  allowed  in  the  preceding  examples. 
The  following  table  illustrates  both  the  relative  and  actual  safe 
loads  on  a  few  beams  of  ordinary  dimeneions,  according  as  they  are 
supported  or  unsupported  laterally. 


Fio.  812ei. 

Fig.  312flf  gives  a  view  of  the  two  forms  of  flre-proof  flooring,  of 
the  common  and  fire-clay  hollow  blocks,  in  which  the  beams  have 
good  lateral  support.  Then  the  safe,  uniformly  distributed  loads  on 
the  beams,  in  tons  of  2000  pounds,  will  be: 
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Supported, 
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it 

15 

tt 

2.4 

1.4 

For  very  extended  and  useful  tables,  see  Cooper,  Hewitt  &  Co.^s 
book. 

Some  actual  experiments  on  rolled  beams  gave  the  following 
results : 

A  heavy  9-inch  beam,  14.93  feet  span,  actual  centre  load  of 
32,000  pounds, and  failed  with  this  load;  safe  load  =  6400  pounds; 
actual  deflection  under  safe  load,  0.16  inch;  elastic  limit,  22,000 
pounds. 

A  light  15-inch  beam,  load  uniformly  distributed,  actual  load 
90,000  pounds,  deflected  2.7  inches,  but  did  not  break;  calculated 
safe  load,  25,000  pounds;  deflection  under  safe  load,  0.36  inch; 
span,  21.0  feet.  The  heavy  15-inch  beam  gives  for  calculated  safe 
load  about  34,000  pounds,  with  a  deflection  of  0.42  inch. 

A  6-inch  light  beam,  12  feet  span,  loaded  at  centre,  failed  with 
11,000  pounds;  elastic  limit,  7000  pounds;  safe  load,  2600  pounds; 
actual  deflection,  0.3  inch.  Another  6-inch  beam,  light,  failed 
with  17,000  pounds;  elastic  limit,  11,000;  safe  load,  2624  pounds; 
deflection  under  safe  load,  0.15  inch;  span,  15  feet.  On  the  heavy 
6-inch  beam,  the  calculated  load  when  supported  laterally,  safe  load 
as  given  in  table,  was  about  2430  pounds  for  equivalent  centre 
load  and  when  unsupported  1400  pounds.  From  these  as  well  as 
from  other  experiments  it  is  evident  that  the  formulaa  with  the 
values  used  in  practice  for  E,  f,  and  W,  give  results  well  under 
reasonable  proof-loads,  to  say  nothing  of  actual  breaking-loads. 

WEOUGHT-IRON  AND  STEEL  BUILT  BEAMS. 

882.  Such  beams  are  more  commonly  used  as  the  floor-beams 
of  large  trussed  bridges,  or  the  longitudinal  girders  of  iron  viaducts 
with  spans  from  30  to  60  feet  long.   If  used  for  any  of  the  purposes 
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for  which  cast  iron  or  rolled  beams  are  used^  the  same  general 
principles  would  apply.  Therefore  in  this  article  built  beams  will 
be  treated  solely  as  forming  the  above-mentioned  parts  of  bridges 
and  viaducts. 

Wrought  iron  and  steel  are  rolled  in  many  forms^  such  as  the 

I-beams,    T"    ;  channels,  J"  ;  angle-irons,   I       ;   zees, 

tees,      I    .    Any  of  these  forms  can  be  used  singly,  either  as  beams 

or  columns;  but  except  the  I-beams,  and  perhaps  the  zee  form, 
both  columns  and  beams  are  built  of  two  or  more  of  these  forms, 
connected  by  plates  or  lattice  strips.  Built  beams  are  also  com- 
posed of  plates  connected  by  angle-irons,  to  which  they  are  riveted; 
and  to  this  form  of  built  beams  this  article  will  specially  apply. 
It  is  an  easy  matter  to  properly  proportion  the  parts  of  this  form 
of  beam  to  the  strains  upon  them  by  varying  the  areas  of  the 
plates  and  angles. 


BUILT  BEAMS. 

883.  Wrought-iron  beams,  as  for  columns,  are  built  up  of  plates, 
channels,  angles,  zees,  etc.,  commonly  for  the  girders  of  iron  viaducts, 
floor-beams,  stringers,  etc.  They  are  composed  of  plates  and  angles, 
as  shown  in  the  following  diagrams.  (Figure  313,  side  view;  figure 
a,  end  view)  of  a  girder  of  30-feet  span,  used  on  the  approaches  of 
the  Point  Pleasant  bridge  mentioned  above. 


(ft)    (a) 
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Figure  818,  side  view;  figure  (a),  end  view;  figure  (b),  sectional  view,  DC; 

figure  (c),  sectional  view.  AB. 

The  dimensions  of  the  parts  of  this  girder  are  as  follows : 

Length,  30  feet;  depth,  36  inches.  Top  flange, one  plate  12  X  A 

inches,  5.25  square  inches.    Two  angle-irons  3^^  X  5  inches,  10.2  lbs. 

per  foot  each,  6.12  square  inches.     Web  plate,  36  X  f  inches,  13.5 

square  inches.     Bottom  flange,  two  angle-irons,  3^  X  5  inches,  16.5 
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lbs.,  9.96  square  inches.  Three  angle-irons  near  the  ends,  as  seen 
in  diagram  figure  (313c?).  'J'he  extreme  end,  two  angle-irons  3x4 
inches,  8.3  lbs.;  the  other  two,  two  angle-irons  3  X  2^  inches,  4.4 
lbs.,  as  stiff eners  for  the  web.  We  will  now  determine  the  bending 
moment,  shearing  stress,  and  required  dimension  of  the  parts  of 
the  beam  to  bear  safely  the  load.  The  dead  load  consists  of  cross- 
ties  8  X  10  inches  x  12  feet,  spaced  1  foot  centres;  guard- rails, 
6x8  inches  inside  of  rail  and  8  x  12  inches  on  the  outside;  two 
rails  each  60  lbs.  per  linear  yard,  and  the  weight  of  the  girders. 


Fio.  818(d). 

Each  cross-tie  is  80  feet  B.M.,  inside  guard-rail  4,  outside  guard- 
rail 8,  feet  B.M.  per  foot  of  length.  The  two  rails  40  lbs.  per  foot, 
the  two  girders  340  lbs.  per  foot.  The  partial  weights  of  angles, 
etc.  are  given  in  pounds  per  foot. 

Then  we  have  the  total  dead  load  per  foot  of  trestle: 

iMes  and  guard-rails,  92  ft.  B.M.  ®  4  lbs.,     =  368  lbs. 

2  rails,  60  lbs.  per  yard  each,  per  foot  2  X  20,  =    40    " 

2  girders,  each  170  lbs.  per  foot,  =  340    "  —    748  lbs. 

The  dead  load  on  each  girder,  ^^  x  30,        =  11,220   " 

which  being  uniformly  distributed,  the  bending  moment  at  the 
centre  of  the  span  will  he  mWl  =  i  X  11,220  X  30  =  42,075  ft.-lbs. 
As  an  illustration  of  the  action  of  several  isolated  loads  on  a  girder 
we  will  suppose  the  trestle  to  be  loaded  with  a  locomotive,  with  the 
weights  on  each  wheel  of  engine  and  tender  as  shown  in  the  follow- 
ing diagram.  Fig.  314,  which  shows  also  the  distances  between  the 
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wheel  oentres,  and  so  placed  on  the  girder  as  to  produce  maximum 
bending  moment. 
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It  is  seen  that  we  can  only  get  on  a  girder  30  feet  long  the  front 
truck  and  the  four  driving-wheels  of  the  engine.  We  will  now 
show  the  method  of  determining  the  position  of  this  load  or  loads 
to  produce  a  maximum  bending,  and  the  point  of  greatest  bending 
moment.  In  any  system  of  isolated  loads  on  a  beam  supported 
at  both  ends  it  can  be  shown,  by  a  perfectly  simple  demonstra- 
tion, that  for  the  maximum  bending  the  distance  between  the 
centre  of  gravity  or  point  of  action  of  the  resultant  of  all  of  the 
loads  and  the  point  of  greatest  bending  is  bisected  by  the  centre 
of  the  span,  or,  in  other  words,  if  the  position  of  the  resultant  is 
found  at  a  certain  distance  on  one  side  of  the  centre  of  the  span 
the  point  of  greatest  bending  will  be  found  at  the  same  distance  on 
the  other  side  of  the  span ;  and  also  that  the  following  relation  must 
exist : 

l  =  —:r—r^—r ^    ....    (481) 

in  which  /'  is  the  distance  between  the  point  of  greatest  bending 
and  the  left-hand  reaction  R,  the  load  supposed  to  be  moving 
from  right  to  left;  I  the  length  of  the  span,  w^  -|-  7^,  +  «r,  4-  . . . «», 
the  sum  of  the  loads  on  the  span.  The  first  step  will  then  be  to 
find  the  centre  of  gravity  of  all  the  loads.  To  do  this  we  use 
the  well-known  principle,  that  the  sum  of  the  moments  of  the  parts 
of  a  body  taken  with  respect  to  any  axis  perpendicular  to  the  plane 
of  the  forces  is  equal  to  the  moment  of  the  weight  of  the  whole 
body  with  respect  to  that  same  axis.  Having,  then,  a  series  of 
loads  or  weights,  we  multiply  each  load  by  its  perpendicular  dis- 
tance from  the  assumed  axis,  and  divide  the  sum  of  these  moments 
by  the  sum  of  all  the  weights;  the  quotient  will  be  the  unknown 
distance  of  the  resultant  from  the  same  axis.  We  will  now  apply 
this  principle  to  the  case  under  consideration.     As  the  position  of 

the  axis  is  entirely 

7.8' 4.r       '■       4.3'  4.r  arbitrary,    we    will 

wi       ,j  Q,       ici      ^  ,j,      tot    ^  g,    W4  ^^  to*    take  it  at  the  cen- 
tre   of    the    front 
load.    We  then  have  w^  x  0  +  w^  X  7.S  +  w^  x  13.5  +  w,  X  16.8 
+  w^X  21.6  =  586,000  ft.-lbs. ;  w^  =  6000,  w,  =  w,  =  »,  =  w,  = 

10,000,  lbs.;  total  load  =  46,000  lbs.    Hence  x,  =  -~^  =  12.74 

•        46000 

ft.  IB  the  distance  of  the  resultant  from  the  centre  of  the  first 

load  A;  and  as  the  length  AC  between  the  loads  w,  and  tr,  is 
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12.5  ft.,  the  centre  of  gravity  of  all  the  loads  is  12.74  —  12.50  = 
0.24  ft.  to  the  right  of  to^ ,  Fig.  314.  Therefore  we  mugt  move  the 
load  w^  until  it  is  0.12  ft.  to  the  left  of  the  centre  of  the  span,  so 
that  g  (the  resultant  will  be  0.12  ft.  to  the  right  of  the  centre  c) 
will  then  be  the  point  of  greatest  bending,  and  the  engine  will 
be  so  placed  as  to  produce  the  maximum  bending;  the  same 
method  would  apply  with  any  length  of  span  and  system  of  loading. 
Other  and  heavier  engines  are  now  used  in  which  the  load  on  a 
pair  of  front  trucks  is  16,000  lbs.,  five  pairs  of  drivers  25,000  lbs. 
each,  four  pairs  of  tender-wheels  20,000  lbs.  each,  the  load  borne 
by  each  girder  being  one  half  of  the  above  amounts.  With  different 
distances  between  wheel  centres  and  from  the  above  principles  the 
position  of  the  load  for  maximum  bending  can  be  readily  found. 
By  inspection  of  the  relative  magnitude  of  the  loads  and  their  dis* 
tauces  apart  we  can  determine  approximatelj  the  proper  position 
of  the  engine.  Having  fixed  the  position  of  the  resultant  load,  we 
can  now  find  the  value  of  the  reaction  R  from  eq.  (481)^ 

V  R 


I      w,  +  tt^,  +  «(^,  +  . . .  w^' 

r  =  14.88,  I  =  30,  w^  +  etc.  =  46,000  lbs.;  hence  R  =  22,816  lbs. 
Or  we  can  now  find  the  reaction  at  R  of  each  load  separately  and 
take  their  sum  as  follows:  Load  w^  at  E  will  now  be  6.12  ft.  from 
reaction  R^  on  right  (see  Fig,  314),  w^  at  D  10.82  ft.,  w,  at^  15.12  ft., 
w,  at  B  19.82  ft.,  and  w,  at  A  27.62  from  R^,  Hence  reaction  at  R 
on  left  will  be 

10000(6.12+10.82+15.12+19.82)  .  6000x27.62     ^oQiryooiu        r? 

Error,  1.33  lbs.,  arising  from  lever-arms  being  carried  to  only  two 
places  of  decimals.  Having  now  the  reaction  at  R,  take  moments 
with  respect  to^.  22,816  X  14.88  -  6000  X  12.5  —  10,000  X  4.7  = 
217,502  ft.-lbs.  for  the  resultant  moment  at  g  of  the  reaction  R  and 
the  loads  w,  and  w^  between  R  and  g  due  to  the  live  load,  to  which 
add  the  moment  due  to  the  dead  load,  already  found,  217,502+42,075 
=  259,557  ft.-lb8.  This  moment  must  be  resisted  by  the  compression 
P  in  the  upper  flange  and  the  tension  T  in  the  lower  flange. 
These  stresses  are  supposed  to  act  at  the  centres  of  the  rivet-holes 
in  the  upper  and  lower  flanges,  which  will  be  less  than  the  total 
depth  of  the  beam  by  ab-^-  '    '  inches;   hence  distance  between 
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centres  of  rivet-boles  36  —  3  =  33  inches.  Taking  moments  about 
an  axis  at  the  centre  of  lower  rivets,  we  have  P  x  (33  incbes)  2.75 
ft.  =  259,557;  .-.  P  =  94,392  lbs.,  allowing  a  working  strain  of  7000 
lbs.  per  square  inch  in  compression.  The  upper  flange,  including 
cover-plates  and  angles,  should  have  an  area  =  H^H-  =  ^^-^^  sq.  in. 
The  actual  area  in  the  girder  is  11.37  sq.  in.  On  this  basis  tbere 
is  not  metal  area  enough.  The  thickness  of  the  angles  in  the 
girder  is  |  in.  If  we  increase  the  thickness  to  ^  in.,  each  angle- 
iron  would  contain  4.47  sq.  in.,  the  two  8.94,  and  if  we  add  area  of 
cover-plate  5.12,  we  would  have  8.94  +  5. 12  =  14.06  sq.  in.,— a  little 
greater  than  necessary.  A  unit  strain  of  7000  lbs.  gives  a  factor  of 
safety  of  about  6.  A  factor  of  5  would  in  general  be  ample,  which 
would  give  8000  lbs.  for  safe  unit  strain,  ^^V^  =  11.8  sq.  in.,— a 
little  in  excess  of  the  actual  area,  but  near  enough.  If  we  allow 
10,000  lbs.  per  sq.  in.  in  tension,  which  gives  a  factor  of  safety  of  5, 
we  have  area  required  for  bottom  flange  \%\\\  =  9.44  sq.  in.;  but 
as  two  rivet-holes  are  punched  in  this  flange  \  in.  in  diameter,— 
we  may  say  1  in., — and  the  thickness  of  this  flange  being  f  in.,  we 
destroy  ^  sq.  in.  of  material.  Gross  area  of  flange  should  then  be 
9.44  -f  y  =  10. 69  sq.  in.  The  actual  area  is  9.96  sq.  in.;  so  we  may 
conclude  that  the  girder  will  bear  safely  the  loads  used.  If  larger 
areas  are  required  so  as  to  reduce  the  unit  strains  and  give  larger 
factors  of  safety,  the  angle-irons  should  be  heavier.  Angle-irons  are 
made  of  certain  standard  weight  per  foot  of  length.  For  different 
lengths  of  angle  legs  the  cross-section  in  square  inches  is  -^  of  the 
weight  per  yard.  A  5  X  3^  in.  angle-iron  f  in.  thick  weighs  49.2  lbs. 
per  yard  of  length.  Its  area  is  4.92  sq.  in.  Angle-irons  in  girders 
always  occur  in  pairs,  one  on  each  side  of  the  web,  and  are  riveted 
together  through  the  web.  In  girders  under  30  ft.  span  the  angle- 
irons  constitute  the  flange.  A  cover-plate  is  not  necessary  for  the 
bottom  flange,  but  is  used  over  the  top  flange  angle-irons.  Angle- 
irons  are  given  in  pounds  per  foot  in  this  example. 

The  web  is  supposed  to  resist  the  shearing  action  of  the  load 
alone,  the  flanges  the  bending  action.    The  area  required  for  the 

web  in  square  inches  is  generally  expressed  in  symbols,  -4  =  ^  in 

which  A  is  area  in  square  inches,  S  shearing  stress  at  any  point, 
and/  safe  resistance  to  shearing  in  pounds  per  square  inch,  which 
varies  from  5000  to  7500  lbs.  As  the  web  is  generally  made  of 
uniform  thickness  from  end  to  end,  we  need  consider  only  the 
greatest  shearing  stress,  which  is  at  the  points  of  support  and 
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equal  to  the  reaction.  In  the  present  case  the  reaction  from  the 
dead  load  is  JJ|*a  =  5610  lbs.  From  the  live  load  it  is  22,816 
lbs.,  OT  S=  22,816  +  5610  =  28,426  lbs.  Hence  A  =  ^^VW  =  ^.7 
sq.  in.,  the  unsupported  depth  of  web  is  33  in.,  and  the  thickness 
Y^  =  0.17  in.,  or  about  ^  inch.  The  web  is  seldom  made  less  than 
i  in.  or  more  than  |  in.  The  actual  thickness  in  beam  (Fig.  313) 
is  f  in.,  or  double  the  thickness  required.  But  owing  to  the  small 
ratio  of  f  in.  to  33  in.,  the  web  may  buckle  or  bend  under  the  load, 
and  for  this  reason  angle-irons  in  pairs,  which  are  called  "stiffen- 
ers,"  are  riveted  to  the  web  near  the  ends.  There  is  no  need  of 
them  near  the  centre  of  the  span,  as  the  shearing  force  is  small  and 
vanishes  altogether  at  the  point  of  greatest  bending.  A  pair  is 
placed  at  each  end,  and  at  intervals  equal  to  the  depth  of  the  girder 
near  the  end.  The  beam  (Fig.  313(c?))  shows  three  angles  near  each 
end.  Fillers  are  used  where  necessary  between  the  web  and  angle- 
irons.  If  the  total  shear  at  any  point  divided  by  the  area  of  the 
web  is  less  than  from  3000  to  4000  lbs.,  no  stiff eners  will  be  required. 
We  have  seen  that  the  shearing  force  at  the  ends  is  28,486  lbs. 
This  shear  gradually  decreases  by  the  weight  of  the  dead  load  per 
unit  of  length,  or  374  lbs.  per  foot  of  length.  It  will  be  on  the  side 
of  safety  to  suppose  it  to  be  constant  until  the  load  w^  at  A  is  reached. 
Then  deduct  the  entire  dead  load  to  that  point,  equal  to  374x2.38 
=  890.12  lbs.,  and  also  w,  =  6000.  Hence,  shearing  force  from 
B  to  A  =  28,426  lbs.;  from  A  to  B,  28,426  -  6890.12  =  21,535.88; 
B  to  ff,  21,538.88  -  2917.12  -  10,000  =  8621.76;  and  at  g,  the  point 
of  greatest  bending,  it  becomes  0.  These  results  are  a  little  in  ex- 
cess between  the  loads,  as  the  shearing  force  due  to  the  dead  load 
is  not  deducted  until  the  end  of  one  of  the  spaces  is  reached.  This 
shows  the  method  of  the  determination  of  the  shearing  stress  from 

point  to  point,  and  as  at  no  point is  over  3000  lbs.,  theoreti- 

area 

cally  no  stiff  eners  would  be  required,  but  they  are  always  used  near 
the  ends.  Another  object  in  determining  the  shear  at  several 
points  is  to  determine  the  number  and  spacing  or  distance  of  the 
rivets  apart,  connecting  the  angle-irons  with  the  web,  as  it  is  through 
the  rivets  that  the  shearing  is  transmitted  to  the  web  when  the  load 
rests  on  top  of  the  flange.  Under  this  assumption  it  is  evident 
that  the  number  of  rivets  required  in  any  given  section  of  the  beam 
would  decrease  according  to  the  distribution  of  the  load,  being  con- 
stant in  the  case  of  a  single  centre  load,  gradually  and  uniformly 
decreasing,  in  case  of  a  uniformly  distributed  load,  from  the  ends 
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to  the  centre;  and  the  number  required  in  any  giyen  section  would 
be  found  by  dividing  the  shearing  force  by  the  resistance  to  shear- 
ing of  the  rivets,  or  the  resistance  to  crushing  by  the  rivets  of  the 
web-plate  upon  which  they  rest.  It  is  usual  to  allow  7500  lbs.  per 
square  inch  as  the  safe  resistance  of  a  rivet  in  single  shear,  that  is, 
when  they  connect  only  two  layers  or  plates;  but  in  case  of  heavy 
moving  loads,  in  order  to  provide  against  shock  and  vibratioss  a 
deduction  of  from  20  to  25  per  cent  is  made,  reducing  the  7500  to 
5625  lbs.,  which  will  be  used  in  this  case.  For  resistance  to  crush- 
ing of  the  web  12,000  lbs.  is  allowed,  or,  deducting  25  per  cent,  9000 
lbs.  per  square  inch  of  bearing,  the  bearing  surface  being  equal  to 
the  diameter  of  the  rivet  multiplied  by  the  thickness  of  the  plate. 
As  in  this  case  the  rivet  must  be  sheared  on  two  surfaces,  one  on 
each  side  of  web,  or  is  in  double  shear,  the  resistance  of  each  rivet  will 
be  1 1,250  X  area  of  rivet  x  0.6  =  6750  lbs.,  as  the  area  of  a  J-in.  riTet 
is  0.6  sq.  in.  The  bearing  of  a  ^-in,  rivet  on  a  plate  f  in.  thick  ifl 
^  X  t  =  i  in.,  nearly.  Hence,  i  of  9000  =  3000  lbs.,  safe  resistance. 
This  being  less  than  resistance  of  rivets  to  shearing,  will  be  used. 

Qn7v7  "=  "qTwT  —  ^  rivets.  Then  in  33  inches  of  length  — -  =  3.7  in, 
ij\)\j\)       o\)\)\)  y 

between  rivet  centres.  For  the  next  space,  V«M/^  =  '''  rivets;  V 
=  4.7  in.  spaces  between  B  and  g  (Fig.  314);  ||^  =  3  rivets; 
^  =  11  in.  spaces.  The  usual  practice,  however,  would  be  to  space 
the  rivets  not  more  than  3  in.  centres  at  the  end  sections,  and  not 
more  than  6  in.  at  the  centre  sections,  gradually  increasing  between 
these  limits  at  the  intermediate  sections.  But  it  will  be  shown  in 
the  next  example  that  the  rivets  should  be  spaced  on  other  prin- 
oiples,  and  that  under  some  conditions  of  loading  there  should  be 
as  many  rivets  in  the  centre  sections  as  in  the  end  sections. 

Where  single  cover-plates  of  a  uniform  thickness,  as  that  in  the 
top  flange  (Fig.  313),  are  used,  it  becomes  necessary  to  determine 
the  number  of  rivets  to  connect  the  cover-plate  with  the  angle- 
irons.  That  portion  of  the  flange  stress  borne  by  the  cover-plate 
must  be  transmitted  through  these  rivets,  and,  as  seen  in  the  pre- 
ceding case,  the  number  of  rivets  will  be  determined  by  the  resist- 
ance of  the  plate  to  crushing  at  the  rivet-bearings.  Using  |-in. 
rivets,  and  the  cover-plate  yV  in.,  the  area  of  bearing  equals  f  X  tV 
=  2^  sq.  in.,  and  the  allowed  safe  resistance  to  crushing  at  each 
rivet  =  fi  X  9000  =  2953  lbs.  The  cover-plate  contains  12  X  ^  = 
5.25  sq.  in.  Hence  5.25  X  8000  =  42,000  lbs.,  the  greatest  safe 
resistance  to  crushing  of  the  plate.  Hence  4^®^  =  14. 6  rivets.  Using 
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the  nearest  even  namber  greater,  16  rivets,  8  on  each  side,  distributed 
over  one  half  the  span,  15  ft.,  ^  =  1.88  ft.  intervals.  This  inter- 
val between  rivet  centres  is  evidently  too  great,  as  the  plate  acts 
as  a  column  between  the  rivets,  the  length  of  which  is  very  great  as 
compared  with  the  thickness  of  the  plate.  This  unsupported  length 
should  not  exceed  15  times  the  thicicness,  or  ^"^  x  15  =  6.5  in. 
Bivets  should  then  be  spaced  at  this  interval  on  each  side  of  the 
plate  for  its  entire  length.  No  note  is  taken  here  of  the  decrease 
in  the  flange  stress  towards  the  ends.  In  practice  the  rivets  would 
be  spaced  at  about  6  in.  intervals,  but  at  and  near  the  extreme  ends 
for  the  space  of  two  or  thtee  rivets  they  are  placed  about  3  in.  centre. 
This  matter  will  be  alluded  to  again  in  a  subsequent  example. 

In  regard  to  the  deflection  of  built  beams  there  is  a  want  of  ac- 
curate data,  but  experiment  seems  to  show  that  it  is  much  greater 
than  that  of  solid  beams,  the  coefficient  of  elasticity  being  red  uced  from 
29,000,000  to  12,000,000  lbs.;  and  the  determination  of  the  moment 
of  inertia  is  complicated  by  the  number,  size,  and  variety  of  shapes 
into  which  its  parts  appear.  An  approximation  can  be  obtained  by 
supposing  the  beam  to  be  in  the  condition  of  a  rolled  beam  whose 
depth  is  the  distance  between  centres  of  the  rivet-holes  in  the  web 
and  the  upper  and  lower  flanges  solid  rectangles,  the  breadth  the 
same  as  in  the  built  beam,  and  the  thickness  necessary  to  produce 
the  areas  of  the  actual  flanges.  The  moment  of  inertia  can  then  be 
determined,  which,  together  with  the  value  of  E  above,  being  sub- 

36  W7' 
stituted  in  the  formula  v,  =  — r, /->  will  give  an  approximate  value 

for  the  deflection.  In  the  case  of  a  series  of  isolated  loads,  it  will 
be  simpler  to  reduce  the  actual  load  to  the  equivalent  uniform  load; 
that  is,  a  load  uniformly  distributed  that  would  produce  the  same 
flange  strain  at  the  centre  of  the  span  as  that  caused  by  the  actual 
loads.  This  is  easily  done.  As  seen  above,  the  moment  of  the 
flange  strain  is  P  x  2.75  =  259,557  ft.-lbs.,  the  centre  bending 
moment  for  a  uniformly  distributed  load  is  i^{tol)l\  hence  \{wl)l  = 
259,5571b8.  .-.  wl  =  69,215.2lbs.;  70  =  2307.2  lbs.  per  foot  of  span. 
W  in  the  above  formula  =  |wZ  =  43,259.5  lbs.  The  area  of  the 
upper  flange  is  11.37  in.,  lower  flange  9.96;  but  including  rivet- 
heads,  fillers,  etc.,  we  can  consider  each  flange  as  12  in.  area  = 
plate  12  X  1  in. 

In  Art.  XXXIII,  /  =  ^^'  'TJ^—>  in  which  6  =  12  in.,  d  =  34, 


^^  =r  12  -  I  =  11.72,  d,  =  32  in. 


974  SHEARING  8TBES8  IN   WEBS.      STIPFENEBS. 

j=lgX(34)'-11.72Xi3g):^^3^^. 

^  =  36  sq.  in.,  p'  =  203,  p  =  14.25, 1  =  30. 

_  36  X  43259  X  27000  ^  . 

^'  "      12000000  X  7300     "  ^'^  "^' 

as  the  greatest  deflection.    A  practical  rule  given  by  Cooper, 

Hewitt  &  Co.  for  similar  beams  under  safe  strain,  abont  the  same 

as  used  above,  is  to  take  the  square  of  the  span  in  feet  and  divide 

V  900 

by  70  times  the  depth  in  inches :  ^         ,  ~  '^o  y  ~SS  ~  ^'^^  ^'  ~  ^'' 

A  great  deal  of  valuable  information  put  in  purely  practical  shapes 
is  contained  in  these  small  books  of  useful  information  published 
by  the  New  Jersey  Steel  and  Iron  Co.    Assuming  the  deflection  to 

be  not  more  than  -^  of  the  span,  we  have  -j  =  —   !!^     -* 

I  4j&        r, 

n"  =  —,/,  =  10,000,/,  =  8000,  -  =  700,  ^  =  12,000,000.    Hence, 

substituting, 

d_b_       18000  X  700  _    1  ,  _  ^>i}^  -  ^o  i;  • 

i"~48^      12000000     "9.14'    '*•  ^ "     9.14      -  ^^-^  ^°- 

for  the  proper  depth  of  the  beam.  The  actual  depth  is  36  in. 
This  gives  as  close  an  approximation  to  the  actual  practice  as  could 
be  expected.  As  a  usual  rule,  the  depth  varies  in  this  class  of  beams 
from  i  to  3^^  the  span.  True  economy  requires  as  great  a  depth  as 
practicable  within  certain  limits.  In  the  girder  above  considered 
there  was  a  single  cover-plate  of  uniform  thickness  in  the  top 
flange,  but  none  in  the  bottom  flange;  in  case  of  very  long  gird- 
ers or  those  carrying  very  heavy  loads  cover-plates  are  used  on 
both  flanges,  and  often  several  thicknesses  are  used,  increasing 
in  number  towards  the  centre  of  the  span  so  as  to  proportion  ibe 
flange  area  to  the  varying  stress  upon  its  different  parts.  This 
case  will  now  be  considered  in  the  following  paragraph. 

SHEARING  STRESS  IN"  WEB-PLATES. 

883a.  It  was  seen  in  discussing  plate  beams  and  girders  that 
the  web  was  assumed  to  bear  the  entire  shearing,  that  the  lines  of 
greatest  shear  in  the  web  are  vertical  and  horizontal,  and  that  a 
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pair  of  shears  on  two  planes  at  right  angles  to  each  other  and  also 
to  a  plane  parallel  to  the  shears  are  accompanied  by  two  direct 
and  normal  stresses,  one  compressive  and  the  other  tensile^  whose 
directions  are  perpendicular  to  each  other,  and  make  angles  of  45 
degrees  with  the  horizontal  line;  therefore,  at  any  point  in  the  web 
it  may  be  considered  as  subjected  to  a  compressiye  and  tensile 
strain  at  right  angles  to  each  other.  The  intensity  of  the  shear  in 
any  vertical  section  is  equal  to  the  load  supported  between  it  and 
the  centre  of  the  beam,  or  equal  to  the  reaction  diminished  by  the 
loads  between  the  end  and  the  section,  and  this  divided  by  the 
itrea  of  the  section.  This,  then,  will  be  the  intensity  of  the  com- 
pression or  tension  acting  at  any  point.  As  the  web  is  generally 
very  thin  as  compared  to  its  height  between  the  flanges,  it  is  liable 
to  buckle  or  become  corrugated  along  lines  perpendicular  to  the 
compressive  stress.  The  tensile  stresses  tend  to  relieve  this  condi- 
tion, but  it  is  found  necessary,  or  at  any  rate  advisable,  to  stiffen 
the  web,  which  is  generally  done  by  riveting  pairs  of  angle-irons, 
one  on  each  side  of  the  web,  to  the  web-plate.  It  is  evident  from 
the  above  that  such  angle-irons  or  stiffeners  should  be  placed  in  the 
lines  of  compressive  stress,  that  is,  sloping  outwards  and  downwards 
from  the  centre  of  the  beam  towards  the  ends  at  angles  of  45^  to 
the  horizontal,  as  seen  in  Fig.  313((/),  on  the  right,  at  AA.  The 
usual  practice  for  ordinary-sized  beams,  as  a  matter  of  convenience, 
is  to  place  the  stiffeners  vertically,  as  seen  at  A',  A\  The  arrow- 
heads c,  c  are  lines  of  compressive  stress,  t,  t  are  lines  of  tensile 
stress.  Such  stiffeners  are  only  needed  near  the  ends  of  the 
beams,  where  the  shearing  force  is  the  greatest,  while  it  decreases  to- 
wards the  centre  sections,  becoming  zero  at  or  near  the  centre 
of  the  beam.  If  the  intensity  of  the  shear  is  less  than  4000  pounds 
no  stiffener  is  needed,  and  where  needed  its  area  is  found  in 
square  inches  by  dividing  the  shear  at  that  section  by  4000. 


AST.  L. 

FRAMED  8TRUCTURES-(Cfen<inw<l.) 

884.  In  the  preceding  article  the  principles  developed  and  the 
equations  obtained  in  the  general  discussions  of  the  effect  of  loads 
upon  beams,  and  the  strength  or  resistance  of  beams  necessary  to 
maintain  equilibrium,  were  applied  to  proportioning  and  designing 
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beamSy  when  acted  upon  by  the  loads  used  in  practice.  Sach 
beams^  as  forming  component  parts^  properly  belong  to  framed 
structures^  whether  solid  or  built  of  many  parts  riveted  or  bolted 
together;  in  this  latter  case  the  beams  themselyes  come  under  the 
head  of  f rames,  regardless  of  their  connection  with  other  parts  of 
a  larger  or  more  complicated  structure. 

The  general  relations  and  equations,  so  far  as  the  action  of  ex- 
ternal loads  are  concerned,  are  the  same  yrhether  applied  to  beams 
or  trusses.  But  the  distribution  of  the  stresses  and  the  proportion- 
ing and  arranging  the  members  of  a  truss  or  bridge  to  effectively 
resist  these  stresses  admit  of  a  great  variety  in  designs^  and  general 
methods  of  determining  the  stress.  In  this  article  the  general  dis^ 
cussion  of  stresses  in  trusses  will  be  given,  mainly  without  refer* 
ence  to  the  actual  distribution  of  loads  found  in  practice. 
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885.  These  stresses  can  be  determined  either  by  equating  the 
bending  moment  to  the  moment  of  the  internal  stresses  in  all  the 
members  cut  or  separated  by  the  ideal  cutting-plane,  provided  ouly 
three  acting  members,  in  which  the  stresses  are  unknown,  are  cut 
by  the  plane.  Or  we  may  determine  the  stresses  by  applying  the 
three  equations  of  equilibrium  to  each  and  every  joint  of  the  truss. 

In  the  latter  case,  however,  we  have  only  two  independent  equa- 
tions, as  the  lines  of  action  of  the  forces  or  stresses  meet  in  one 
point;  there  must  not  exist,  then,  more  than  two  unknown  forces 
or  stresses.  These  equations  are,  2V=^  0  and  2JI=z  0,  the  re- 
quirement being  only  that  the  force  polygon  shall  close. 

Either  method  may  be  applied  to  any  truss  for  whatever  pur- 
pose constructed,  with  the  limitations  above  given.  It  is  often 
convenient,  however,  to  combine  the  two  methods.  The  chord 
stresses  may  be  determined  by  the  method  of  sections  and  moments 
and  the  web  stresses  by  the  force  polygon,  combining  the  algebraic 
with  the  graphical  when  deemed  expedient;  or  the  algebraic  may 
be  used  in  both  cases;  or,  finally,  the  graphical  method  may  be  ap- 
plied in  each. 

It  is  to  be  assumed  that  the  reactions  have  been  determined  by 
the  methods  already  explained,  and  consequently  all  of  the  external 
forces  are  known. 

886.  Assuming  the  form  of  roof -trues  shown  in  Fig.  315:  Let 
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the  truss  be  cut  by  a  plane  dd%  which  cuts  three  members^  namely, 
FCy  CD,  and  AB,  Consider,  then,  the  portion  on  the  left  of  the 
section  dd\  as  shown  in  figure  (a).  Some  of  the  forces,  W^  and  R^, 
are  external,  and  the  others  are  internal  stresses,  t,  t',  and  c;  the 
latter  are  unknown.  We  can  apply  the  three  equations  of  equi- 
librium, 2F=  0,  211=0,  2M  =  0,  and  find  these  unknown 
stresses.  We  may  not  know  what  direction  to  give  these  stresses, 
but  if  either  result  is  negative,  we  know  that  for  that  stress  we  have 
assumed  the  wrong  direction  of  action,  and  it  must  be  reversed. 
Or  we  use  three  moment  equations;  this  is  the  method  now  to  be 
followed. 

If  we  take  the  axis  of  moments  at  0,  the  moments  of  the 
stresses  c  and  t^  will  be  zero  as  they  pass  through  this  axis.  We 
have  then  only  three  acting  moments,  the  algebraic  sum  of  which 
is  zero.  These  moments  are,  respectively,  4-  -^i  X  AE,  --W^  X  FO 
and  —  ^  X  CK    Hence 

E,xAE''W,xFG''txCE=2M=0,     .     (482) 

From  which  we  find  t.  If  this  has  a  positive  value,  we  have  as- 
sumed the  right  direction,  and  as  it  acts  outward  on  the  piece  AB, 
it  is  tension.  If  we  prolong  the  piece  CD  to  intersection  with 
AF  at  0,  and  take  the  axis  of  moments  at  that  point,  the  moments 
of  t  and  t'  will  be  zero,  and  the  three  acting  moments  are  A,  X 
Ao,  TF,  X  00, ,  and  C  X  oo\    Hence 

J?j  X  ^0  —  if;  X  00,  -  c  X  00'  =  0.  .    .    .     (483) 

from  which  e  can  be  found,  which  is  the  stress  in  the  member  CF, 
If  positive,  we  have  assumed  the  proper  direction  of  its  action,  and 
as  it  acts  inwards  on  the  member  it  will  be  compression.  Then 
taking  the  axis  of  moments  at  A,  the  moments  of  R^  and  t  and  c  are 
zero,  and  we  have  two  acting  moments,  W  X  Ao^ ,  and  t^  X  Ao^. 
Hence 

W,xAo,-t'xAo^  =  0, (484) 

from  which  t'  can  be  found.  It  is  evident  that  W,  X  Ao^  is  posi- 
tive, as  it  tends  to  produce  right-handed  rotation  around  A,  and  as 
there  are  only  two  acting  moments,  f  X  Ao,  must  be  negative; 
consequently  t'  must  act  outwards  from  D,  producing  tension  in  the 
piece  DO.    We  have  then  assumed  the  proper  direction  for  this 
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Btress.    In  many  cases  we  can  determine  the  proper  direction  for 
the  stresses  by  simple  inspection,  bnt  not  always. 

If  we  take  a  section  d^d^ ,  Fig.  315,  we  out  three  members,  FA, 


DAy  and  AB;  the  stresses  in  these 
and  the  reaction  Jl^  are  only  forces 
acting.  jS,  and  ^,  the  tension  in  AB, 
now  are  known,  and  it  is  only  nec- 
essary to  find  the  stresses  in  FA 
and  I)A.   Taking  moments  abont  C, 

a -Angle  between  n  A  Md  the  vertlcaL  X  C4)  =  0  [see  (})],  .  (485) 

from  which  we  find  /,.  If  it  is  posi- 
tiye,  it  acts  oatward  from  A  on  the  piece  AD,  as  indicated,  and 
shows  tension  in  AD, 

Taking  moments  about  £,  that  of  t  is  zero,  and  we  have 


R,XAE+t^X  ofi^  —  c,x  0^0,  =  0, 


(486) 
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irom  which  c^  is  found.  As  the  first  two  moments  are  positive^  the 
third  must  be  negative;  that  is,  the  stress  c^  must  act  inwards  ^'on 
FA  causing  compression  [see  {p)\ 

We  have  thus  determined  the  kind  and  magnitude  of  the 
stresses  in  all  members  except  FD.  It,  then,  we  take  a  section 
d,d^ ,  Fig.  315,  we  cut  OF,  FD,  AD,  and  AE\  of  these  all  the 
stresses  have  been  found,  except  that  in  FD.  The  external  forces 
acting  on  the  portion  to  the  left  of  d^d^  are  R^  and  PT,.  Taking 
moments  about  A,  the  moment  of  the  stress  in  AD  (t^  is  zero, 
that  of  R^  is  zero,  and  that  in  AE  {i)  is  zero;  hence  the  only  acting 
moments  are  W^  X  Ao^  and  c,  X  -4F,  Fig.  (a).    Hence 

JT,  X  Ao^  -c^X  AF=  0,  ....    .     (487) 

from  which  c^  is  found;  and  in  order  to  give  a  negative  moment  it 
must  act  inwards  on  FD  towards  F,  producing  compression.  As 
the  stresses  on  the  other  half  of  the  truss  are  the  same  for  corre- 
sponding members  in  the  left  half,  all  stresses  have  been  deter- 
mined. This  method  is  simple,  and  perfectly  general  in  its  appli- 
c4ition  to  any  form  of  truss  loaded  in  any  manner,  when  all  of  the 
external  forces  are  known,  provided  we  can  get  sections  cutting 
only  three  members  in  which  the  stresses  are  unknown,  which  can 
be  done  in  any  truss  having  a  single  system  of  web  bracing.  It  is 
not,  however,  generally  used  to  determine  the  stresses  in  all  of  the 
members,  owing  to  the  labor  required  in  obtaining  the  lengths  of  so 
many  lever-arms. 

It  is  commonly  applied  only  to  those  members  whose  lever-arms 
are  either  known  from  the  construction  of  the  truss,  or  can  be 
readily  found,  such  as  the  chord  stresses  in  bridge-trusses,  which 
are  the  depths  of  the  trusses,  taking  moments  for  the  upper-chord 
stress  about  the  panel  points  in  the  lower  chord,  and  vice  versa  ;  and 
in  the  roof-truss  just  discussed.  Fig.  315,  the  stress  in  AB,  whose 
lever-arm  about  C  is  CE,  the  rise  of  the  roof,  and  that  in  FD,  with 
lever-arm  AF,  the  half-length  of  the  rafter  OA,  The  stresses  in 
•other  members  can  be  more  readily  found  by  the  force  polygon 
applied  to  each  joint. 

This  latter  method  will  now  be  applied  to  finding  the  stresses  in 
the  members  of  the  same  roof-truss.  Fig.  315.  Since  at  the  joint  A 
we  have  four  forces  acting,  namely,  the  reaction  R^ ,  the  stress  t  in 
AB,  the  stress  t^  in  AD,  and  the  stress  c,  in  AF,  and  these,  three  of 
which  are  unknown,  meet  in  one  point.  A,  while  we  have  only  two 
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independent  equations^  riz.,  2v  =  0,  2ff  =  0,  and  the  same  con- 
dition of  three  or  more  unknown  Btresses  at  every  other  joint  or 
panel  point,  the  determination  of  the  stresses  will  he  impossible 
unless  one  of  the  stresses  can  be  determined  independently  by  the 
method  of  moments.  As  in  the  preceding  case,  we  can  find  the 
stress  t  in  the  member  AB  hj  moments.  This  leaves  only  two  un- 
known stresses  at  A,  namely,  those  in  AF  and  AB.  Drawing  the 
diagram  {c),  Fig.  315,  for  the  joint  A,  the  stresses  being  represented 
^7  ^19  hf  ^^d  ^f  decomposing  c^  and  t^  into  their  vertical  and 
horizontal  components,  we  have  v^  =  t^  cos  a,  h^  =  /,  sin  a,  h^  - 
c,  sin  a',  and  v,  =  c^  cos  a'.    Then 

2  F  =  i?j  -f  v'  —  r,  =  J2,  +  ^,  cos  a  —  <?,  cos  a'  =  0;  "j 
and  for  2H,  \  (488) 

2H=t  +  t^Bma  -c,Bma'  =  0 J 

And  since  a  and  a'  are  known,  between  these  two  equations  we  can 
find,  by  ordinary  algebraic  methods,  the  values  of  c,  and  t^.  If  either 
of  these  values  are  found  to  be  negative,  we  have  assumed  the  wrong 
direction  for  their  action.  As  they  stand  in  diagram  (r)  and  (a), 
they  indicate  compression  in  AF  and  tension  in  AD  and  AB. 

At  the  joint  F  we  have  the  external  force  If,  and  the  stresses 
in  the  three  members  AF,  FC,  and  FD.  W^ ,  and  c, ,  the  stress  in 
AF,  are  known;  and  c  and  c,,  the  stresses  in  FC  and  FD,  unknown. 
Placing  2  V  and  2I£,  each  equal  to  zero,  we  have  two  equations, 
from  which  c  and  c,  can  be  found.  The  horizontal  components  of 
the  stresses  at  i^are  found  in  the  same  manner  as  at  ^.  For  the 
joint  C  we  have  the  stresses  in  FC,  CD,  CF*,  and  CD\  and  any 
load  at  C.  Those  in  FC  and  CF  are  usually  equal,  as  are  also 
those  in  CD  and  CD\  There  is  therefore  only  one  unknown 
stress,  namely,  that  in  CD  or  CD\  which  can  readily  be  found 
from  either  -2  F  =  0  or  2H  =  0. 

As  the  purpose  was  only  to  show  the  principles  in  the  preced- 
ing example,  only  the  single  load  W^  at  F  is  considered.  In  actual 
trusses  there  would  be  loads  at  A,  C,  F,  F^,  and  B,  all  of  which 
would  have  to  enter  both  itito  the  equations  of  moments,  as  well  as 
in  those  of  vertical  components.  And  further,  the  weight  of  the 
structure  itself  has  not  been  considered.  The  exact  distribution  of 
both  dead  and  live  loads  will  be  considered  in  another  paragraph. 

These  principles  are   applicable    to    any  truss,   whether  for 
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bridges  or  roof^  when  the  distribution  and  magnitudes  of  the  ex- 
ternal forces  are  known  or  determined. 


SIMPLE  TRUSSED  BEAMS. 

887.  The  following  types  of  trussed  beams  are  in  common  use. 

Trussed  beams,  properly  considered,  subject  the  beams  to  com- 
bined bending  and  direct  stress,  which  is  an  undesirable  condition, 
leading  to  ambiguity  as  to  the  magnitude  and  distribution  of  the 
stresses,  and  in  many  cases  to  great  danger;  for,  however  carefully 
designed  and  constructed,  undue  stresses  may  be  thrown  on  cer- 
tain members,  and  unless  a  large  margin  of  safety  is  proyided,  the 
structure  may  collapse  under  the  load. 

888.  The  practice  of  trussing  timber  beams  with  iron  rods  is 
•especially  objectionable.  The  part  of  the  load  necessarily  borne  by 
the  beam  will  depend  upon  the  comparative  stiffness  of  the  beam 
and  the  trussing,  which  will  vary  with  the  permanent  elongation  of 
the  tie-rods,  and  also  to  their  temporary  contraction  or  expansion 
due  to  changes  in  temperature.  The  nuts  work  loose  under  con- 
stant vibration,  and  unless  attention  is  given  to  the  .structure 
the  component  parts  cannot  be  kept  to  their  bearings.  Some  or  all 
of  these  considerations  also  apply,  though  in  a  much  less  degree, 
when  all  members  are  of  timber. 

The  trussing  can  be  placed  either  above  or  below,  called  over- 
trussing  or  undertrussing.  For  any  given  beam  this  does  not 
change  the  magnitude  of  the  stresses.  In  either  case  the'  magni- 
tude of  the  stresses  in  different  members  remain  the  same  under 
the  same  conditions  of  loading,  but  those  members  which  are 
under  direct  compression  in  the  one  case  will  be  under  direct 
tension  in  the  other. 

889.  By  applying  the  principles  developed  in  the  discussion  of 
continuous  beams,  we  find  the  stresses  developed  in  the  several 
members  of  an  undertrussed  beam  with  one  intermediate  support 
or  triangular  truss  (Fig.  316),  and  one  with  two  intermediate  sup- 
ports or  trapezoidal  truss  (Fig.  317),  these  beams  being  under  a 
bending  stress  due  to  the  loads  on  them,  and  a  direct  stress 
resulting  from  the  tensions  developed  in  the  tie-rods  due  to  that 
portion  of  the  load  transmitted  through  them  to  the  points  of  sup- 
port A  and  B. 

A  simple  inspection  of  the  drawings  clearly  shows  the  difficui- 
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ties  of  maintaining  any  exact  amount  of  stress^  as  indicated  in  the 
preceding  paragraph.  This  solution,  though  more  difficult,  i& 
given  first. 

890.  Combined  Direct  and  Bending  Stress,  Triangular  Truss. 
— A  common  application  of  the  preceding  principles  is  to  be  found 
in  the  simple  trussed  beam  used  for  short  spans.  Fig.  316  repre- 
sents a  single  beam,  strengthened  by  iron  rods  passing  under  & 


short  strut  or  block  placed  under  the  centre  of  a  beam  of  the 
span  L  The  points  J4,  B,  and  C  are  assumed  to  be  on  the  same 
horizontal  line.  The  effect  of  this  is  to  divide  the  beam  into  two 
equal  spans  of  ^l  each  =  AC  =  AB,  each  half  being  in  the  con- 
dition of  a  beam  fixed  at  one  end  C  and  supported  at  the  other 
end  A  and  B,  respectively.  Assuming  each  section  loaded  with  a 
single  weight  at  the  centre,  we  have 

Beaction  and  shear  B  or  A  =  ^^  PF; 

Shear  S  at  C from  span  AC  =  ^^W; 

Shear  S^  at  C  from  span  CB  =  \iW; 
Reaction  s,t  C  =  8  +  8,  =  (\{  + \i)W     =HW. 

R,  +  R^  +  R-  (A  +  ^  +  \\W-  2ir,  as  it  should  be. 

For  bending  moment  at  A  and  B,  M=0;  for  bending  moment 
at  C,  M/  =  ^  Wl^ ;  for  bending  moment  at  G,  M^  =  -^  Wl^  (See 
Art.  XXXVI,  par.  360.) 

From  which  we  see  that  the  bending  moment  over  the  point  of 
support  C  is  greater  than  at  the  centre  of  either  AC  or  CB,  If 
AB  is  then  a  beam  of  rectangular  cross-section,  its  dimensions  must 
be  determined  from  the  equation  ^^wl  =  If  fid*. 

For  the  same  beam  uniformly  loaded : 

Reaction  and  shear  si  A  ot  B  =  R  =  B^    =  1^/^; 

Shear  8  at  C from  span  AC  =  t«^^,(=  05 
Shear  8^  at  (7  from  span  CB  =  |wZ,(=  l^); 
Reaction  at  C  =  ^  +  ^»  =  (I  +  #)«^^i  =  V«^^,  =  hol{K=  iO^ 

Hence 

(I  +  f  +  f  +  i)wl,  =  2wl,  =  wl 
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For  bending  moment  C,  w/  =  ^w/,*  =■  ^wl;  for  bending  mo- 
ment G,  m,  =  jh^h*  =  zh^i^'  (See  Art.  XXXVI,  par.  361.) 
Hence 

Assuming  /  =  25  ft.  =  300  in.;  «;  =  480  lbs.  per  ft.  =  40  lbs. 
per  inch;  /=  1000  lbs.;  d  =  12  in.    .-.  h  =  4.68  in. 

Length  of  tie-rod  AD  =  DB  =^  V(^iy  +  h\ 
Since  centre  reaction  with  uniform  load  =  ^l,  the  shear  on 
either  aide  =  ^wl;  hence 

Tension  in  AD  or  DB  =  ^^  ^  ^(iO'  +  A*;     .    .     (490) 

making  A  =  5  ft.,  tension  in  AD  or  2>^  =  10,095  lbs.  at  8000 
lbs.  per  sq.  in.  =  *^VW  ~  1-26  sq.  in.,  or  1  rod  1^^  in.  diameter. 
In  Fig.  316  it  is  evident  that  the  beam  AB  is  not  only  subjected 

to  a  unit  strain  of  /,  =-o9T;ii>  l>ut  has  also  a  distinct  compressive 

strain  equal  to  the  horizontal  component  of  the  stress  in  the  rods 

AD  or  DB,  which  is  =  if  =  -y^wl  X  ^  =  -^  -j-.    The  unit  strain 

lb  n        oA  n 

due  to  this  direct  compression  = t-t =  t^  =  -;»^t--,7  =  f.\ 

^  area  of  beam      bd       32  hdh    -^ " ' 

and  since  the  ultimate  unit  strain  should  not  exceed 

Assuming  values  as  before, 

IQQQ  ^  ^  X  ^Q  X  (^Q^)'         ^      40  X  (300)' 
32  X  ft  X  144    "^  32  •  ft  X  12  X  60' 
or,  more  simply, 

1^^^  = SHTJiT •     •'•  *  =  9.38  in. 

32ftfl?V* 

as  the  breadth  of  beam  to  resist  both  direct  and  bending  stresses. 

Compression  on  strut  cd  =  %wl, 

891.  Trapez&idal  Truss, — Again,  timber  beams  have  sometimes 
two  vertical  supports,  as  shown  in  Fig.  317.  In  this  case  the  entire 
length  of  beam  AB  \q  divided  into  three  sections  or  panels,  AD, 
DE,  and  BE,  which  may  be  equal  or  unequal:  assumed  equal  in 
this  case  and  each  represented  by  /,.  AD  and  BE  are  beams  fixed 
at  one  end  and  supported  at  the  other;  the  middle  panel  J9J^  is  a 
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beam  fixed  at  both  ends.     Referring  to  the  tabulation  of  bending 
moments  and  shears  in  Art.  36^  paragraphs  360,  361,  362  and  363, 


Q  H 

Fig.  817. 

we  easily  write  the  following,  remembering  that  in  this  case  quanti- 
ties will  be  expressed  in  terms  of  the  length  of  each  panel  or  span 
Z, ,  and  not  in  terms,  as  in  the  preceding  example,  of  the  entire 
length  of  span  AB. 

First,  for  a  single  load  at  the  centre,  C,  of  each  span. 

Beaction  and  shear  a,t  A  or  B  =  R  =  R^  =  ^W; 

Shear  S  At  D  or  B  from  span  AD==WW. 

Shear  S,  at  D  or  B  from  span  DB  =  iW; 
Reaction  At  D  or  B  =  m  +  i)W=  {^W; 
Sum  of  reactions  =  2{-f^ +^)W  =  ^  =  ^W; 
Max.  bending  moment  a,tD  orB  from  span  AD  =  M/  =  ^H7,; 
Max.  bending  moment  At  D  or  B  from  span  DB=^  M^  =  iW7,; 
Max.  bending  moment  at  G  of  middle  span  =  \wl^. 

These  are  not  the  conditions  of  loading,  as  was  seen  in  the  gen- 
eral discussion,  to  produce  equal  bending  moments  at  D  and  B  from 
the  adjacent  spans. 

If  the  span  is  uniformly  loaded  from  end  to  end : 

Reaction  and  shear  at  A  and  B  =  f«?Z,; 

Shear  S  At  D  from  AD  ^  1^^,; 

Shear  S^  at  D  from  DB  =  \wl^ ; 
Reaction  At  D  or  B  =  ^l^  +  JwZ,  =  |«;Z,. 
Sum  of  reactions  =  2(f  +  f)wZ, 
Max.  bendinff  At  D  or  B  from  AD 


Max.  bending  at  D  or  B  from  DB 


=  3wZ,. 
=  i^ir> 

In  such  cases  it  is  necessary  to  either  proportion  the  lengths  of 
the  spans  or  the  position  and  magnitude  or  intensity  of  the  loading 
to  produce  the  desired  equality,  or  to  proportion  and  dimension  the 
parts  for  that  position  and  amount  of  load  giving  maximum  results. 
Having  found  the  reactions  at  D,  B,  the  compression  on  the  ver- 
ticals will  be  either  \^w  or  |?^Z, ,  according  as  the  spans  are  loaded 
with  single  or  uniform  loads.     In  this  truss  the  stress  in  the  inclined 


FRAMED  STRUCTUBBS.  985 

rods  AG  and  HB  will  be  due  to  the  entire  reaction  at  D  or  Ey  and 
not  to  the  half  of  it^  ad  in  the  preceding  example.    Hence 


Tension  in  -4  ©  =  tension  in  HB  =  r^    or  gfgZ,(  ^  '  ,    — j ;  (492) 
and  for  combined  bending  and  direct  stress  at  D  or  E^ 

T^?.'  =  i/,W    and    W.x^'=/.W, 
hence, 

/=/i+/.  =  2^  +  gj^^,     ....     (493) 

taking  shears  and  moments  from  values  given  for  middle  span  uni- 
formly loaded,  and  similarly  for  the  centre  C. 

Such  combinations  of  timber  beams  and  iron  rods  are  decidedly 
objectionable.  If  timber  beams  have  to  be  trussed,  it  is  better  to 
use  two  inclined  struts  supporting  the  beam  at  the  centre  C  (Fig. 
316),  or  at  two  points,  as  D  and  E  (Fig.  317),  or  to  reverse  the 
trussing  and  place  it  above  the  beam.  These  conditions  will  be 
fully  explained  in  the  following  examples. 

892.  It  is  usual  in  the  case  of  the  trussed  beam.  Fig.  316,  to 
consider  the  span  as  made  up  of  two  separate  beams,  JC  and  BO, 
hinged  or  jointed  at  C;  then  to  consider  each  beam  as  bending 
only  under  the  load  upon  it.  If  the  load  is  uniformly  distributed, 
then  for  the  segment  AC  =l^  =  \l  we  have  ^l^  =  ^/W,  from 
which  we  readily  find  ft  or  rf  by  assuming  one  of  them,  according 
to  the  principles  developed  in  paragraphs  858  to  861. 

Then,  for  the  tension  in  the  rods  AD  and  BD  and  the  strut  (72), 
it  is  assumed  that  one  half  the  load  on  ^C7and  one  half  the  load 
on  CB,  that  is,  one  half  the  load  on  the  entire  span,  =  ^wl,  for  a 
uniformly  distributed  load  reacts  at  C,  which  is  the  compression  on 
CD,  Then  iwl  is  transmitted  through  AD  and  ^wl  through  BD, 
producing  tension  in  these  members  equal  to 

i,,X§=i.^«H (494) 

893.  In  case  of  the  beam,  Fig.  317,  the  entire  length  is  divided 
into  three  spans,  the  length  /,  of  each  =  ^l]  and  at  each  inter- 
mediate point  of  support,  D  and  E,  there  is  supposed  to  rest 
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iwl^  +  iwl^  =  wl^  =  iwl,  which  gires  the  compreBsion  in  the  strute 
DG  and  EH.  This  amount  of  load  is  trafismitted  through  AG 
and  HB,  producing  a  tension  on  each 


And  for  the  stress  in  GH,  which  is  also  a  tension^  we  haye  ten- 
sion in 

GH=i.if=lf m 

These  stresses  (equations  (494),  (495),  and  (496) )  are  found  by 
the  principle  of  the  triangles  of  forces.  In  Fig.  316  there  are 
three  forces  acting  at  the  point  D,  namely,  the  load  iwl  and  the 
stresses  in  the  tie-rods  AD  and  DB,  which  can  be  represented  by 
the  three  sides  of  a  triangle,  respectively  parallel  to  the  three 
forces.  And  in  Fig.  317,  at  each  point  G  and  H,  there  are  three 
forces,  the  vertical,  itvl,  and  the  stresses  in  the  members  AG  and 
Gff,  which  can  be  represented  by  a  right-angled  triangle. 

From  which  we  see  that  when  a  load  acts  at  any  panel  point, 
and  is  balanced  by  any  two  members  of  a  truss  meeting  at  that 
point,  the  stress  developed  in  each  member  is  the  load  transmitted 
by  that  member  multiplied  by  the  length  of  the  member  and  di- 
vided by  the  depth  of  the  truss.  If  the  two  members  have  equal 
angles  of  inclination  with  the  vertical,  then  one  half  the  entire  load 
is  transmitted  by  each;  if  of  unequal  inclinations,  the  loads  trans- 
mitted by  each  are  inversely  as  the  sines  of  the  angles.  If  one 
member  is  inclined  and  the  other  horizontal,  the  entire  load  is 
transmitted  by  the  inclined  member,  and  the  stress  in  the  horizon- 
tal member  is  equal  to  the  horizontal  component  of  the  stress  in  the 
inclined  member.     These  principles  are  of  universal  application. 

894.  While  there  may  be  no  objection  to  iindertrussing  iron 
beams,  as  shown  in  Figs.  316  and  317, — and  with  the  usual  factors 
of  safety  the  dimensions  as  determined  by  either  of  the  described 
methods  will  give  a  safe  truss, — it  will  be  better  with  timber  beams, 
if  undertrussing  is  resorted  to,  to  use  the  means  shown  in  the  fol- 
lowing figures,  318  (a)  and  {b) : 

For  short  spans,  two  inclined  struts  meeting  at  centre  (see 
figure  (a) ):  As  before,  ^ICand  BC  are  treated  as  separate  beams; 
acted  upon  by  either  isolated  or  uniformly  distributed  loads.    For 
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nniform  loads,  iwl  is  aesnmed  as  acting  at  C.    Each  etrat  CO  aud 
0£I  traDsmits  ^wl,  and  the  compresBion  in  either  is 


These  strnts  cause  an  outward  thrust  on  the  supports  at  D  and 
£  equal  to 

iwfX^. (498) 


In  fl^re  (b)  there  are  two  intermediate  points  of  support — at  B 
and  C  The  beam  is  divided  into  three  panels,  each  =  J?,  which  is 
the  load  acting  at  the  points  B  and  C.  This  entire  load  is  trans- 
mitted by  the  strntfl;  hence  the  compression  on  each  is 

*"'xU (499) 

and  the  thmst  at  ff  and  H 

=  i«'/x^ t^^> 

The  equal  thmst  at  0  and  H,  =  itol  x  r=^,  is  taken  up  by  the 
straining-piece  Off. 

These  are  the  usnal  methods  of  tnisaing  small  cheap  highway 
bridges,  and  also  for  stringers  of  trestle-bents  when  the  length  of 
span  is  over  16  feet.  For  all  bents  except  the  end  bents  struts 
abnt  against  them  from  both  sides.  There  is  no  tendency,  there- 
fore, to  overturn  the  bents,  as  the  horizontal  components  of  the 
stress  in  the  struts  are  equal  and  directly  opposed. 

For  the  end  bents  the  stmts  abut  against  horizontal  pieces. 
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which  connect  two  or  three  bents  together^  thereby  reBisting  the 
overturning  tendency. 

895.  It  is  in  some  respects  better  to  oyertrass  timber  beams. 
Sudh  trusses  may  be  used  for  roofs  or  bridges  up  to  lengths  of  40 
to  45  feet. 

These  types  of  trusses  are  shown  in  Figs.  319  (a)  and  (h).  The 
magnitudes  of  the  stresses  in  the  different  niembers  and  the  equa- 
tions for  them  are  identical  with  those  found  in  paragraphs  890, 
891^  and  892^  Figs.  316  and  317,  under  same  conditions  of  loading 
and  length  of  span  and  depth  of  truss,  this  latter  being  usaallj 
from  one  tenth  to  one  eighth  the  span. 

The  characters  of  the  stresses  are,  however,  reversed:  thoee 
members  under  tension  in  Figs.  316  and  317  are  under  compression 
in  Figs.  319  (a)  and  (S). 

Namely,  AD,  DByAG,  OH^  and  HB  are  compression  members; 
DCf  AB,  GD,  HE  are  tension  members,  whether  the  load  consists 
of  isolated  or  uniformly  distributed  loads.  The  loads  may  be  ap- 
plied along  the  bottom  chord  ABy  as  is  usually  the  case  in  bridges, 
or  it  may  be  applied  along  the  members  ADy  DB  in  (a),  or  AG, 
OHy  and  HB  in  (d),  as  would  be  the  case  for  roof-trusses.    In 
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either  case  the  apex  loads  at  Z)  or  &  and  H  are  first  found,  and 
when  found  the  manner  of  finding  the  stresses  is  the  same  for  roof 
or  bridge  trusses. 

The  principle  of  continuity  can  be  applied  as  explained  in  par- 
agraphs 890  and  891,  or,  as  is  usually  done,  the  method  explained  in 
paragraph  892  may  be  adopted.  In  this  latter  case,  although  no 
calculation  is  made  for  the  direct  tension  in  ABy  a  rough  allowance 
is  made  for  it  by  calculating  the  dimensions  of  the  segments  AC, 
CBy  ADy  DB,  and  EB  as  separate  beams  simply  supported  at  the 
ends  and  loaded  in  any  manner.  This  is  on  the  supposition  that 
there  are  one  or  more  isolated  loads  or  a  uniformly  distributed  load 
on  AB. 

The  construction  may  be,  however,  and   often  is,  such  that, 
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not  considering  the  weight  of  the  beam  itself, the  external  loads  are 
concentrated  at  the  points  Cy  D,  and  E.  In  this  case  the  beam  is 
not  considered  as  acted  upon  by  bending  at  all,  but  is  simply  under 
a  direct  stress  of  tension  or  compression,  according  as  it  is  over- 
trussed,  in  Figs.  319  (a)  and  (d),  or  undertrussed,  as  in  Figs.  316 
and  317;  this  direct  stress  being  simply  the  horizontal  component 
of  the  stress  in  the  inclined  member  AD  or  AG. 

In  Fig.  319  (i)  it  is  to  be  noted  that  the  truss  may  or  will  be 
distorted  unless  the  load  is  symmetrically  placed  with  respect  to 
the  centre  of  the  span,  that  is,  if  a  greater  load  is  at  D  than  at  H, 
or  vice  versa,  as  the  central  portion  DO  HE  is  a  rectangle,  whereas 
the  triangular  frame  is  the  only  one  that  cannot  be  distorted 
without  changing  the  lengths  of  its  members.  To  provide  for 
this  contingency  diagonal  braces  DH  and  GE  must  be  inserted. 
These  may  be  both  tension  or  they  may  be  compression  members. 
They  are  called  counterbraces.  Approximately  this  stress  will  be 
one  third  of  the  excess  of  the  load  at  D  over  that  at  E  (or  vice  versa) 
multiplied  by  the  length  of  the  diagonal  and  divided  by  the  depth 
of  the  truss.  The  methods  of  determining  when  counterbraces  will 
be  needed  and  the  stress  upon  them  will  be  discussed  later. 

The  foregoing  trusses  can  be  used  either  for  highway  or  railway 
bridges. 

896.  The  Howe  and  Pratt  Trusses, — The  favorite  types  of 
bridges  in  the  United  States  are  the  Howe  and  Pratt  trusses. 

The  Howe  truss  is  built  entirely  of  wood,  except  the  vertical- 
tension  rods,  which  are  iron.  It  is  not  used  for  very  long  spans. 
It  is  used  either  for  highway  or  railway  bridges,  especially  in  those 
sections  of  the  country  where  timber  is  abundant. 

It  may  be  stated  here  that  the  top  chords  of  all  bridges,  except 
swing  and  cantilever  bridges,  are  always  under  compression,  and 
the  bottom  chords  under  tension.  The  classification  of  bridge- 
trusses  is  based  upon  the  material  used  in  the  construction,  upon 
the  arrangement  of  the  web  njembers,  the  kind  of  stress  developed^ 
and  upon  the  manner  of  connecting  the  parts  together. 

The  Howe  truss  is  distinctly  a.  timber-built  truss  in  which 
the  verticals  are  under  tension  and  the  diagonals  under  compres- 
sion. These  members  are  so  formed,  proportioned,  and  connected 
that  the  kind  of  stress  must  always  be  that  for  which  they  are  in- 
tended. 

It  differs  from  the  Long  truss  only  in  substituting  iron  rods  for 
the  timber  verticals  framed  into  and  between  the  chord-timbers. 
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Whether  this  is  an  improvement  or  not  when  used  for  highway 
bridges  may  be  considered  doubtful.  The  iron  verticals  have  to  he 
continually  screwed  up  to  keep  all  parts  to  their  bearings. 

In  Fig.  320(a)  is  shown  one  of  the  trusses  of  a  through  Howe 
truss-bridge.  The  compression  members  are  indicated  by  double 
lines,  namely,  the  top  chord  and  all  inclined  web  members.  The 
tension  members  are  the  bottom  chord  and  all  vertical  members. 
When  the  intensity  and  distribution  of  the  load  is  known,  the 
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stresses  are  readily  determined.  For  a  uniformly  distributed  load 
each  panel  of  the  bottom  or  loaded  chord  Oa,  ab,  etc.,  is  treated  as 
a  beam  under  transverse  load,  whose  length  is  a  panel  length  of  the 
truss  combined  with  a  direct  tension  equal  to  the  sum  of  the  hori- 
zontal component  of  the  compression  in  the  diagonal  in  the  same 
panel  and  all  other  panels  to  the  end  of  the  truss.  This  method  of 
loading,  though  often  used,  leads  to  ambiguity.  When  used  for 
railway  bridges  especially  the  construction  should  be  such  that  both 
chords  may  be  only  subjected  to  direct  stress.  This  condition  will 
now  be  considered.  The  load  at  any  panel  point, «,  ft,  c,  etc.,  will  be 
the  load  directly  acting  at  that  point,  a  panel  load  for  uniform  dis- 
tribution, and  any  load  transmitted  to  it  from  any  other  panel  point. 
Assuming,  then,  a  load  to  acting  at  every  panel  point,  it  is  evident 
that  the  load  at  c  is  carried  to  3,  causing  a  tension  in  3c  =  w.  At 
3  the  load  divides  (by  the  principle  of  the  lever),  ^o  being  trans- 
mitted by  3d  and  the  other  ^  by  3J.  We  now  have  1^  at  J,  which 
is  carried  to  2  by  2&,  causing  tension  in  2ft,  thence  by  2a  to  a,  giving 
2^w  at  a,  which  is  carried  to  1  by  al,  causing  tension  on  la,  thence 
by  1,  0  to  0,  the  point  of  support,  afid  similarly  for  the  other  half 
of  the  truss. 

The  stresses  in  the  diagonals  are  all  compressive. 

In    3ft  the  compression  is    ^t^^^  =    ^w  sec  or; 

oc 


it 


(€ 


2a 


1,0 


€< 


U 


U 


l€ 


ts 


^^Ki:  =  Htt^  sec  a; 

«  2iio^  =  2iw  sec  a. 
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The  stresses  in  the  chord-panels  increase  from  end  to  centre  of 
span^  and  for  any  panel  is  the  sum  of  the  horizontal  components 
in  all  the  diagonals  from  end  to  centre. 

Oa 
Tension  Oa  =  compression  in  1, 2  =  (H^)r~  ==  ^i^  ^^  ^> 

XCv 

^'      ab=  "         "  2,3=        (2i  +  H)w^-   4wtana; 

be 
**       bc  =  tension  in  cd  —  (2^  =  li  +  i)^^-  =  41^  tan  a, 

oC 

and  the  same  for  corresponding  members  in  the  other  half  of  the 
truss. 

For  unsymmetrical  loads,  that  is,  when  there  is  an  excess  of 
load  on  one  half  the  trass  over  that  on  the  other,  coanterbraces 
have  to  be  introduced  in  certain  panels  near  the  centre  of  the  span. 
These  slope  in  the  opposite  direction  to  those  shown  in  Figs.  320 
(a)  and  {b).    These  will  be  explained  later. 

If  the  top  chord  be  extended,  and  supported  at  its  ends  by 
verticals,  the  load  can  then  run  on  the  top  chord,  and  the  structure 
is  then  called  a  deck-bridge.  The  kind  of  stress  remains  the  same 
in  each  member,  and  for  a  uniformly  distributed  load  will  be  the 
same  in  amount,  except  for  the  centre  yertical,  which  will  not  carry 
any  portion  of  the  load  resting  at  the  panel  point  3.  It  carries 
only  one  panel  weight  of  the  lower  chord. 

897.  The  Pratt  Truss. — But  little  explanation  is  needed  after 
what  has  been  said  above  for  the  Howe  truss.  The  yertical  ^e 
carries  nothing  but  a  panel  weight  of  the  upper  chord.  The  load 
iff  9Lt  c  divides  at  once,  -^w  passing  up  2c  by  tension,  down  2b  by 
compression.  At  A,  then,  there  is  1^,  which  passes  up  bl  by  ten* 
sion  and  down  0,  1  by  compression.  The  load  to  at  a  passes  up  la 
by  tension  and  down  0, 1  by  compression.    Then 

Compression  in  2b  =    ^w; 

2c 
tension  in  2c  =    hf^Kn  =    i^  86C  a; 

20 


U  C( 


t€  C€ 


lb  =  Hwy  =  Hw  sec  a; 

la  =  to; 


compression  in  0, 1  =   2^tt;-:|—  =  2  Jw  sec  or. 
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For  chord  stresses: 

Tension  Oa  or  ab  =  2^^—  =  2^w  tan  a; 

be 

*<       ic  =  compression  in  1,  2  =  (2|  +  H)wki  =  4w  tan  a; 

2  3 
Compression  in  2,  3,  or  3,  4  =  (4  +  i)*''-^  =  4Jw  tan  or. 

A  similar  construction^  as  already  described^  will  convert 
this  truss  into  a  deck-bridge.  The  only  change  under  a  uni- 
formly distributed  load  will  be  to  increase  the  compression  in  Sc 
by  w. 

These  types  of  trusses  will  be  discussed  in  greater  detail  ia 
another  article. 

898.  Other  Types  of  Bridge  Trusses. — ^The  following  diagrams 
show  some  of  the  best-known  types  of  bridge-trusses,  many  of . 
which,  though  found  on  the  older  roads,  are  rarely  if  ever  used  at 
the  present  time.  The  methods  of  determining  the  stresses  are 
also  briefly  discussed.  They  can  be  used  for  either  highway  or 
railway  bridges;  and  when  the  magnitudes  and  distribution  of  the 
loads  are  determined,  the  methods  of  finding  the  stresses  are  the 
same  for  both. 

899.  Bollman  Truss, — One  of  the  earliest  and  simplest  forms  of 
truss  is  known  as  the  Bollman  truss.  This  truss  is  shown  in  Fig. 
321  (a).  The  loads  are  supposed  to  be  concentrated  at  the  panel 
points,  and  each  load  is  carried  directly  to  the  abutments  by  two 
tension  rods  or  bars  of  unequal  length;  these  bars  are  not  affected 
by  the  loads  at  any  other  panel  points.  The  top  chord,  however, 
acts  as  a  straining-beam  for  each  pair  of  tension-bars,  and  receives 
a  compressive  strain  from  each  pair;  the  total  compression  is  simply 
their  continuous  sum,  and  is  constant  from  end  to  end.  There  is 
no  strain  on  the  bottom  chord.  It  is  therefore  only  a  kind  of  mul- 
tiple suspension  system.  Verticals  and  short  diagonals  in  the 
panels  are  introduced  simply  to  support  the  upper  chord,  and  trans- 
mit its  weight  to  the  lower-chord  panel  points.  The  bottom  chord 
gives  steadiness  to  the  verticals,  and  transmits  any  load  upon  it  to 
the  panel  points  at  the  feet  of  the  verticals. 

Assuming  a  load  w  acting  at  the  panel  point  C:  then  by  the 
principle  of  the  lever,  as  (7  is  ^  of  the  span  or  2  panels  from  A,  and 
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}  the  span  or  6  panels  from  By  the  reaction  i?,  =  \w  and   i2,= 

iw.      We  then,  by  the  principle  of  the  triangle  of  forces,  have  A 

triangle  A  CD,  whose  sides  are  respectively  parallel  to  the  three  forces 

at  Dy  namely,  the  upward  reaction  at  />  =  iw,  which  is  equal  to  the 

stress  in  JZ>,and  compression  as  it  acts  inwards  on  the  post  towards^ ; 

DC 
the  stress  in  i>(7  =  |w  sec  a  =  fw  — ^— ,  which  acts  outward  onDG 

AD 

from  D,  as  the  direction  of  the  stresses  must  be  continuous  in 


BOUMAN  TRUM 


W        WW        W  (6) 
AD        0        F         E 


Figs.  821. 


one  direction  around  the  triangle  or  force  polygon;  and  the  stress 

AC 
BE  =  \w  tan  a  =  fw-jy.,  which  act  inwards  towards  D  on   the 

piece  DEy  and  hence  it  is  compression.  The  stresses  are  then  simply 
the  vertical  force  multiplied  by  the  length  of  the  sides  of  the  triangle 
parallel  to  the  pieces  and  divided  by  the  length  of  the  vertical  rep- 
resenting the  load  or  reaction;  and  the  kind  of  stress  is  determined 
by  the  inward  or  outward  action  of  the  forces  following  in  one  di- 
rection around  the  triangle,  that  of  one  of  the  three  forces  being 
known.  Any  triangle  whose  sides  are  parallel  to  the  members 
could  have  been  taken,  as  sec  a  or  tan  «',  or  their  equivalent  ratios 
of  lengths  of  sides,  would  be  constant.  The  triangle  ACD  is  merely 
taken  for  convenience.     Similarly,  at  the  point  E  we  can  take  the 
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triangle  ECB.  EB,  representing  the  stress  in  EB  =  ^w,  acting  in- 
meards  towards  E  is  compression.    Then  tension  in 

E6  =  ^w  sec  a'  =  iw-=^; 
Compression  in  DE  =  iw  tan ar'=  iw-^r^* 

It  is  evident  that  h^-rf.  =  i*^'pii>  ^  these  are  the  only  hori- 
zontal components^  which  is  proved  also  hj  BO  =3AC,  the  one  be- 
ing 6  and  the  other  2  of  the  equal  panels.  The  use  of  the  number 
of  panels,  instead  of  absolute  lengths^  very  much  facilitates  the 
computation  of  reactions  and  stresses.  Although  the  BoUman  truss 
is  rarely  if  ever  built  at  the  present  time^  the  method  of  comput- 
ing stresses  is  fully  entered  into,  as  it  is  equally  applicable  to  any 
iorm  of  truss,  at  any  particular  joint  or  panel  point,  when  the  load 
suspended  at  the  point  or  transmitted  to  it  is  known,  and  will  not 
again  be  explained. 

900.  The  Fiyik  Truss. — This  truss  is  a  modification  of  and  im- 
provement on  the  Boll  man  truss.  It  was  used  for  a  number  of 
years,  and  many  Fink  bridges  are  found  on  old  roads,  but,  like 
the  Bollman  truss,  it  is  rarely  if  ever  built  now.  This  truss  is 
shown  on  Fig.  321  (h).  The  calculation  of  the  stresses  is  a  little 
more  complicated,  as  the  load  at  one  panel  point  may  be  transmitted 
to  some  other  panel  point,  and  a  portion  of  every  load  travels  first 
to  the  centre  of  the  span  and  thence  to  its  abutment.  The  trans- 
mission of  these  loads  will  be  better  understood  by  reference  to  the 
figure. 

A  load  w  At  D  passes  down  to  N,  causing  compression  in  DN 

= w ;  at  A^it  divides  iw,  passing  directly  through  AN,  producingten- 

XC 
fiion ;  the  other  ^w  passes  to  C,  causing  tension  on  NO  =  iw'Wy 

This  is  total  tension  on  NO.  From  C  it  passes  to  L  through  LC, 
^causing  compression  in  LC  =  ^w; at  L,i  X  iw  =  ito  passes  through 
XA  to  A,  causing  tension  in  LA.  The  other  ^w  passes  to  -B through 
I/E,  causing  tension;  thence  down  EG,  causing  compression.  At  G 
one  half,  that  is,  iw,  passes  through  AG  to  A,  causing  tension;  the 
other  i  passes  through  GB  to  B.  The  load  at  F  passes  to  E,  thence 
iw^  to  Ey  down  EG,  thence  i  to  ^  and  i  to  B,  The  other  ^ir,  passes 
to  0  through  CE,  down  CL;  i  through  AL  to  A,  the  other  Jw 
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to  £;  through  JSLy  theuce  to  0;  thence  iw  to  A  through  AO,  and 
iw  through  GB  to  B. 

We  have  then,  finally,  the  following  loads  or  reactions: 

Loadat/).  Load  at  C.  Load  at  F.  Load  at  £. 

To  prove  this  the  resultant  load  4kw  acts  half-way  between  (7  and 
F,  that  is,  5jf  panels  from  B,    The  reaction  R^  at  A  is,  then, 

T>        A        H  panels      22 
*  8  panels        8    * 

from  which  the  stresses  in  AC  and  AN  can  be  found  as  in  the 
Bollman  truss.  By  noting  that  AN  forms  a  part  of  the  three 
trusses  ANC,  ALE,  and  AGB;  that  NL  forms  a  part  of  the  two 
trusses  ^ZJ^and  AOB;  and  that  LG  forms  a  paii;  of  only  one 
truss,  AG  By — called,  respectively,  the  tertiary,  the  secondary,  and 
the  primary  trusses, —  the  tension  on  AN  is  greater  than  on  NL 
and  that  on  NL  is  greater  that  that  on  L  G,  ISince  each  segment, 
two  panels  in  length,  of  the  top  chord,  namely  AC,  CE,  etc.,  forms 
a  part  of  all  three  trusses,  the  compression  in  each  is  the  same  when 
the  truss  is  fully  loaded,  which  is  the  condition  for  maximum  stress. 
As  this  truss  is  not  now  used,  it  will  be  useless  to  discuss  further. 
The  truss  used  in  Fig.  321  (b)  is  for  a  deck  bridge,  the  rolling 
load  being  on  the  top  chord.  It  can  be  constructed  as  a  through 
bridge  with  the  load  on  the  bottom  chord.  The  Bollman  truss 
could  be  used  as  a  deck  bridge;  in  the  figure  it  is  shown  as  a 
through  bridge. 

In  the  two  trusses  the  compression  members  are  indicated  by 
double  lines,  the  tension  members  by  single  lines.  The  compres- 
sion members  were  usually  made  of  cast  iron,  tension  members  of 
wrought  iron. 

901.  The  Post  Truss.— The  Post  truss  is  shown  in  Fig.  321  (r). 
This  truss  differs  from  other  forms  in  having  the  web  struts  in- 
clined instead  of  vertical,  with  a  horizontal  reach  of  one-half  panel, 
and  web  ties  inclined,  with  a  horizontal  reach  of  a  panel  and  a  half. 
As  in  the  other  forms  of  trusses,  the  maximum  chord  stresses  occur 
with  a  full  uniform  load,  in  which  case  the  web  members  meeting 
at  the  panel  points  7,  9,  and  11  do  not  act,  and  the  chord  stresses 
are  found  as  in  any  other  truss,  being  simply  the  horizontal  com- 
ponents of  the  stresses  in  the  web  members  added  together  from 
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the  end  to  the  panel  under  consideration:  for  instance^  in  the 
panel  I,  3  the  sum  of  the  horizontal  components  in  the  mem- 
bers 0,  1;  \y2;  1,  4;  and  in  3,  5  the  sum  of  those  in  1,0;  1,  2;  1, 
4;  3,2;  and  3,  6;  and  so  on  to  the  centre  panels  7,  9  and  9, 11. 
For  the  web  stresses,  as  it  is  impossible  to  separate  the  systemg, 
since  they  are  connected  at  the  centre,  the  best  that  can  be  done 
is  to  assume  one  system  to  be,  0,  1;  1,  4;  4,  5;  5,  8;  8,  11;  11, 12; 
12,  15;  15, 16;  16,  17;  17, 18;  and  the  other,  0,  1;  1,  2;  2,  3;  3,6, 
etc. ;  and  then  find  the  stresses  for  each  system  separately,  as  in  any 
other  truss;  tlie  counters  for  the  first  system  become  8,  9,  12. 

'^  At  the  time  that  this  truss  was  invented,  it  was  considered 
important  to  avoid  anything  like  indirect  strains.  A  bridge  should 
be  so  designed  that  the  strain  could  be  transmitted  to  each  mem- 
ber directly  on  the  line  of  the  axis  of  that  member,  viz.,  the  Post 
bridge,  being  based  on  theoretical  considerations,  all  connections 
top  and  bottom  were  made  on  pins;  top  chord  pieces  abutted  square; 
floor- beams  were  hung  from  panel  points  by  double-looped  hang- 
ers passing  over  chord-pins  and  around  pins  in  the  floor-beams  at 
right  angles  to  the  chord  pins.  It  was  admirably  designed  to  re- 
lieve the  structure  of  all  strains  tending  to  deform  a  member,  but 
the  stiffness  of  the  connections  was  sacrificed,  and  it  would  now 
be  considered  a  very  loose  structure.'*  This  truss  is  no  longer  used. 

902.  The  Baltimore  Truss. — This  truss  is  shown  in  Pig.  322, 
and  a  modified  form  of  it,  known  as  the  Petit  truss,  is  very  gen- 
erally used  for  long  spans.  The  stresses  are  easily  determined:  the 
panel  lengths  are  short,  while  the  diagonals  have  an  economical  ia- 
clination. 


The  Baltimore  Tnus 
5  7  9 


Fio.  823. 


The  chord  stresses  are  best  found  by  moments  or  sections. 
Passing  the  cutting-plane  oo',  intersecting  the  upper  chord  panel 
1,  3,  the  diagonal  1,  4,  and  the  bottom  chord  panel  6,  4,  we  find 
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the  compression  in  panel  1,  B  by  taking  moments  about  the  lower 
chord  panel  point  4.  The  stresses  are  c,  i,  and  8  [see  diagram  (a)]; 
the  external  forces  are  w,w^y  and  to^  ;  and  the  reaction  R^ ,  which 
is  readily  found  by  the  principle  of  the  lever,  and  for  maximum 
chord  stresses  the  truss  should  be  fully  loaded.  Taking  moments 
about  A,  the  intersection  of  s  and  t,  the  moments  of  a  and  t  are 
zero.     Then 

B^X^p-'WXdp  —  w,x2p  —  iOXp'-'CXk  =  0,.  .  .  (501) 
in  which  p  is  the  panel  length  =  Oa  =  a2  =  2b',  etc.,  and  k  is  the 
depth  of  the  truss  =  1,  2;  d,4,  etc.  From  eq.  (501),  c,  the  stress  in 
1,  3,  is  found,  and  if  this  is  positive,  as  it  should  be,  it  acts  inwards 
towards  1,  and  hence  it  is  a  compressive  force.  Taking  moments 
about  the  panel  point  1,  the  intersection  of  8  and  c,  the  moments  of 
8  and  c  are  zero,  and  we  have,  since  the  moment  of  w^  is  zero  also, 

R^X2p-wXp  +  w^Xp-tXk  =  0,   .    .    (502) 

from  which  we  find  the  stress  t,  which  should  be  positive  ahd  act 
outwards  from  b,  indicating  tension  in  b,  4.  In  the  same  manner, 
taking  a  6utting-plane  at  any  other  point,  we  can  find  the  chord 
stresses  in  the  panel  cut.  It  is  evident  that  the  tension  in  2,  b  is 
equal  to  that  in  b,  4,  as  they  are  only  separated  by  a  vertical  mem- 
ber by  Vy  which  cannot  change  the  horizontal  stress. 

Web  Stresses, — The  stress  or  tension  in  any  subvertical  aa'y 
bV  cc'y  etc.,  is  equal  to  the  weight  or  load  suspended  from  its 
lower  extremity,  the  maximum  value  of  which  is  a  panel  weight  of 
structure  plus  a  panel  weight  of  live  load  =  (w  +  w')py  in  which  w 
is  the  weight  of  the  structure  and  w'  of  the  moving  load  per  foot 
of  length,  and  p  the  panel  length  in  feet.  It  is  evident  that,  in 
-whatever  manner  we  may  look  at  it,  this  load  acting  at  the  point 
V  must  be  divided  equally  between  the  two  directions  2V  and  l&^ 
The  polygon  of  forces,  diagram  (&),  however,  clearly  shows  this, 
for  at  the  point  b'  we  have  the  external  force  {w  +  v)')p\  the 
stresses  in  2J',  16',  and  5'3.  Then  in  diagram  (*)  draw  qr  ver- 
tically to  represent  the  load  {w  +  w')py  from  r  draw  ry  parallel  to 
b'2  in  Pig.  322,  and  through  q  draw  the  line  yx  parallel  to  1,  4, 
and  from  x  back  to  q.  The  length  qx  is  not  as  yet  known,  being 
dependent  upon  the  loads  transmitted  from  other  panel  points 
through  the  tension  member  1,  4,  which  is  immaterial  for  present 
purposes,  but  represents  the  stress  on  the  corresponding  mem- 
ber of  the  Pratt  truss  under  the  same  condition  of  loading  as  al- 
ready explained ;  since  1,4  and  V2  have  equal  inclinations,   the 
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point  y  is  on  a  horizontal  line  bisecting  qr^  and  consequently  the 
vertical  component  of  the  stress  ry  in  V2  is  one  half  of  qr,  the 
load  on  W-,  the  other  is  found  in  1,  4.  Then  compressiTe  stress 
V2  is  represented  by  the  line  ry,  whose  vertical  component  is 
=  ^(w  +  w')j[?;  and  the  same  for  the  members  (^4,  d'6,  a'2,  and 
the  corresponding  members  on  the  other  side  of  the  centre,  namely, 
e'10,/'12,/14,  and  A'14. 

For  Oa',  b'4,  c'6,  d^8,  e'7,  /'9,  the  vertical  components  of  the 
stresses  are  the  maifimum  positive  shears  in  the  panels  to  which 
these  members  belong.  These  maximum  positive  shears  occur 
when  the  head  of  the  rolling  load  extends  from  the  right  abutment 
to  the  panel  points  a,  4,  6,  8,  e,  and  /*,  respectively,  for  the  above 
members. 

The  stresses  in  the  verticals  3,  4;  5,  6;  7,  8  are  equal  to  the  ver- 
tical components  in  3c',  5e?',  and  7e',  respectively,  plus  whatever 
load  is  assumed  to  rest  at  their  upper  extremities,  and  are  com- 
pressive stresses. 

The  end  vertical  1,  2  is  in  tension,  the  stress  being  the  vertical 
component  in  a'2  +  vertical  component  in  b'2  +  load  at  3 
=  2(w  +  ^')P'  •  And  the  same  for  the  vertical  13, 14. 

The  vertical  component  of  the  stress  is  lb'  =  the  shear  in  the 
panel  2b  —  the  vertical  component  b'2.  This  will  be  a  maximum 
when  the  rolling  load  reaches  the,  panel  point  b.  For  a  load  at  b 
adds  to  the  reaction  on  the  left,  that  is,  the  positive  shear,  in  the 
panel  2b,  \iw'p,  while  it  only  adds  to  the  negative  component  in 
b'2,  iw'p,  an  increase  of  \iw'p  —  -^w'p  =  -f^w'p;  therefore  more 
is  gained  than  lost  by  loading  the  point  b.  The  shear  in  16^ 
diminished  by  ^{w  +  w')  p  gives  the  vertical  component  of  the 
maximum  stress  in  IJ';  and  similarly  for  3c'  and  5d',  and  for  cor- 
responding members  on  the  other  side  of  the  centre. 

The  shears  or  the  resultant  vertical  components  being  thus 
found,  the  stresses  are  then  multiplied  by  the  length  of  the  member 
and  divided  by  the  vertical  reach,  or  its  equivalent,  the  secant  of 
the  angle  of  inclination  to  the  vertical,  as  in  any  other  truss  or  frame. 

For  the  member  a'l  the  resultant  vertical  component  of  the 
maximum  stress  is  =  shear  in  a'l  +  the  vertical  component  in  a'2; 
for  although  loading  the  point  a  decreases  the  positive  shear  in 
the  panel  a2  by  ^w'p,  it  increases  the  vertical  component  in  a'l 
by  iw'p,  thus  increasing  the  resultant  vertical  component  in  a\ 
by  (1^  —  ^)w'p  =  -i\w'p.  Hence  for  maximum  stress  in  a'l  the 
bridge  should  be  fully  loaded. 
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Under  certain  conditions  of  loading  the  members  c'4,  d'6,  e'lO^ 
and  /''1 2  are  under  tension,  for  when  the  rolling  load  extends  from 
the  right  to  the  panel  point  10,  only  loading  the  shorter  segment  of 
the  bridge,  the  vertical  component  of  the  stress  in  c'lO  =  positive- 
shear  (or  reaction  at  the  left)  +  the  vertical  component  in  e'9;  the 
vertical  component  e'9  is  one  half  the  load  at  e,  but  loading  e  de- 
creases the  tension  in  alO  arising  from  the  loads  up  to  and  includ- 
ing 10  by  an  amount  equal  to  the  reaction  of  this  load  on  the  right, 
which  is  -f^w'p,  or  a  resultant  decrease  in  the  tension  in  c'lO  of 
(^  —  iV)^'P  =  ^^^'P'  I^  other  words,  we  lose  more  than  we  gain 
by  loading  the  point  e,  and  for  maximum  tensile  stress  in  «'10  the 
load  should  only  extend  to  the  panel  point  10,  the  member  Sa'' 
not  acting  under  this  condition  of  loading,  and  the  maximum  ten- 
sile  stress  in  e'lO  is  the  positive  shear  in  6^10  multiplied  by  the 
secant  of  the  angle  of  inclination.  The  stress  in/^12  is  found  in 
the  same  manner.  It  may  happen  that  the  shear  in  /'12  -f  vertical 
component  in  f'll  may  be  negative,  in  which  case  there  can  never 
be  any  tension  in  /'1 2.  And  in  the  case  of  ff'l4,  the  third  panel 
from  the  end,  the  load  extending  from  15  to  g,  the  result  will  be 
negative;  the  member  g^i4  can  never  be  under  tension,  and  there  is 
no  need  of  a  member  being  used  between  the  points  11  and  g\ 
This  corresponds  to  the  conditions  necessary  for  a  counter -brace  in 
these  panels,  as  discussed  in  the  Pratt  truss. 

903.  The  Petit  truss  is  very  similar  to  the  Baltimore  truss,  the 
only  difference  being  in  having  a  curved  or  inclined  upper  chords 
which  is  a  more  economical  design  for  long  spans.  The  stresses 
are  found  in  a  similar  manner.  The  chord  stresses  are  best,  found 
by  moments,  as  in  the  preceding  case.  The  bottom-chord  stresses 
are  found  as  before,  the  depths  of  the  truss  at  the  several  panel 
points  being  the  lever-arms  for  these  stresses. 

The  moments  of  the  stresses  in  the  top-chord  panels  are  taken 
about  the  lower-chord  panel  points;  but  the  lever-arms,  being  the 
perpendicular  distances  between  the  chord  segments  and  the  lower- 
chord  panel  points,  have  to  be  calculated  or  scaled  from  a  large, 
drawing,  as  explained  in  the  Whipple  or  double-intersection  truss.. 

The  stresses  in  the  web  members  are  found  as  in  the  Baltimore 
truss. 

In  these  long-span  trusses  the  subverticals  bb'y  cc\  etc.,  are 
extended  to  intersection  with  the  top  chords ;  also,  horizontal  mem- 
bers are  inserted  between  the  intersections  of  the  diagonals  and  the 
vertical  posts.    These  are  shown  by  dotted  lines  in  left  half  of 
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truss.  They  form  bo  part  of  the  truss  proper.  They  are  merely 
intended  to  support  and  stiffen  the  upper-chord  panels  and  the 
long  vertical  posts. 


Ri 


8    e  10  /  12  fir  14  A 
The  Double  Triangular  Truss 
(a) 

(b) 


The  Pegram  Truss 
Fios.  323. 

904.  The  double  triangular  truss  is  shown  in  Pig.  323  (a).  It 
has  a  double  system  of  triangular  bracing.  The  Kentucky  and 
Indiana  Cantilever  Bridge,  and  the  recently  constructed  Memphis 
Bridge,  are  of  this  form.  For  short  spans  the  subverticals  are 
omitted,  and  it  has  riveted  connections.  For  long  span  it  has  pin 
connections.  Leaving  the  subverticals  aa',  W,  etc.,  out  of  consid- 
eration, the  truss  can  be  divided  into  two  separate  systems.  Cer- 
tain panels  of  the  top  chord  are  common  to  both  systems;  and  the 
maximum  stress  in  those  portions  is  found  by  adding  together  the 
stress  due  each  system,  taken  separately.  As  the  maximum  stress 
occurs  under  full  load,  the  web  members  9,  6  and  9,  10  would  not 
act;  and  on  the  left  of  the  centre  point  the  systems  are  8, 7;  7, 4; 
4,  3;  3,  0  and  6,  5;  5,  2;  2, 1  and  1, 0,  respectively,  and  correspond- 
ing portions  on  the  other  half.  The  web  stresses  are  found  as  in 
the  simple  triangular  truss  or  Warren  girder,  taking  the  systems 
separately  and  independently.  There  is  no  material  difference  in 
the  case  shown  in  Fig.  323  (a),  except  as  modified  by  the  introdnc- 
timi  of  the  subverticals,  the  stresses  on  these  being  simply  the  load 
acting  at  their  lower  extremities.  This  load  is  supposed  to  be  trans- 
ferred to  the  main  panel  points  0,  2,  4,  6,  etc.,  and  combined  with 
any  other  load  found  at  those  points.  In  other  words,  whatever 
stress  in  this  transference  is  caused  in  the  horizontal  or  inclined 
members  of  the  truss  must  be  added  to  the  stresses  in  those  mem- 
bers of  the  truss  caused  by  the  existing  loading.  For  instance,  the 
load  at  c  is  supposed  to  be  transferred  to  the  main  panel  points 
4  and  6  by  the  little  triangular  truss  4c'6,  causing  a  compression  in 
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^  and  c'6  and  a  tension  in  4,  6.  And  as  the  maximum  tension  in 
4, 6  occurs  when  all  points  are  loaded^  this  tension  due  to  the  small 
truss  must  be  included  in  that  found  by  the  usual  method  of  mo- 
ments or  otherwise.  The  compression  in  the  upper-chord  panels  is 
found  by  considering  the  entire  load  as  acting  and  concentrated  at 
the  main  panel  points. 

The  dead-load  web  stresses  are  found  in  similar  ways^  treating 
the  systems  independently,  but  adding  the  stresses  thus  found  in 
those  members  forming  a  part  of  both  systems. 

For  maximum  live-load  stress  in  any  member  the  load  must 
extend  over  the  longer  segment  and,  reaching  to  the  vertical,  pass 
through  its  lower  extremity.  For  instance,  the  maximum  tension 
in  Wy  the  main  panel  points  at  4,  8,  12,  are  to  be  fully  loaded; 
bat  as  a  part  of  the  loads  acting  directly  at  h  and  c  are  transferred 
to  4,  at  d  and  e  to  8,  and  at/  and  g  to  12,  all  of  these  points  must 
be  loaded.  But  for  maximum  tension  in  V^i  the  point  h  should  not 
be  loaded,  for  the  half  of  this  load  transferred  to  4  tends  to  pro- 
duce compression  in  ^'4,  which  would  reduce  the  tension  in  ^'4 
caused  by  other  loads;  whereas  on  the  portion  W  it  causes  tension, 
that  is,  the  same  kind  of  stress  as  is  produced  by  other  loads,  and 
for  this  member  the  eifect  is  the  same  as  if  it  acted  directly  at  4. 
For  maximum  compression  in  56^  all  points  up  to  and  including  c 
must  be  loaded,  since  the  load  at  c  causes  tension  in  5c',  and  conse- 
quently compression  in  W  \  and  for  maximum  compression  on  the 
portion  ft'2  the  load  must  extend  to  6,  as  the  load  at  h  tends  to  pro- 
duce compression  in  V^  of  the  same  kind  as  caused  by  other  loads, 
and  tension  in  Vhy  which  is  of  opposite  kind  to  that  caused  by  other 
loads  to  the  right. 

006.  The  Pegram  truss.  Fig.  323  (d),  is  an  economical  and  good 
design.  There  are  the  same  number  of  panels  in  each  chord. 
The  panels  of  the  lower  chord  are  longer  than  those  of  the  upper 
chord,  but  those  in  the  separate  chords  are  of  the  same  length,  ex- 
cept that,  for  convenience  of  manufacture,  as  the  splices  in  the  top 
chord  are  towards  the  ends  of  the  truss  from  the  pin  points,  the 
centre  panel,  measured  from  centre  to  centre  of  pins,  is  a  fraction 
shorter  than  the  other  panels,  in  order  to  permit  of  the  chord  sec- 
tions between  the  splices  being  of  the  same  length.  The  upper- 
chord  panel  points  are  in  the  arc  of  a  circle,  the  chord  of  which, 
1, 15,  is  about  one  and  one-third  to  one  and  one-hall  panel  lengths 
shorter  than  the  bottom  chord  or  span.  The  versed  sine  of  this 
arc  may  be  so  taken  that  the  lengths  of  all  the  posts  may  be  nearly 
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equals  or  they  may  decrease  in  length  towards  the  ends,  where  the 
shear  is  the  greatest.  In  a  deck  bridge  the  upper  chord  is  made 
straight  and  the  lower  chord  curyed. 

The  chord  stresses  can  be  found  by  moments,  as  explained  in 
Whipple  truss  with  curved  upper  chord;  as  also,  the  web  stresses 
may  be  calculated  in  the  same  way.  But  it  will  generally  be  found 
more  convenient  by  taking  the  difference  between  the  horizontal 
components  of  the  chord  stresses  in  the  same  panel,  which  will  be 
the  horizontal  component  of  the  stress  in  the  diagonal,  from  which 
the  stress  itself  can  be  determined.  This  is  fully  explained  in  the 
discussion  of  the  Whipple  truss.  The  live-load  stresses  in  the 
chords  and  in  the  diagonals  0,1  and  1,2  are  a  maximum  under  foil 
load,  and  are  therefore  found  as  for  dead-load  stresses.  For  maxi- 
mum live-load  stresses  in  2,  8  and  4,  3,  all  joints  must  be  loaded 
from  the  right  up  to  and  including  4.  For  4,  5  and  5,  6  the  load 
should  extend  to  6. 

The  graphical  method,  either  alone  or  combined  with  the 
method  of  moments,  can  be  applied  to  the  determination  of  the 
stresses  in  any  of  the  foregoing  trusses.  These  methods  in  detail 
are  found  fully  discussed  in  such  works  as  those  of  Dubois,  John- 
son, and  Burr. 


FRAMED  TRUSSES,   CONSIDERED  WITH  REFERENCE  TO  ACTUAL 

LOADS  OCCURRING  IN  PRACTICE. 

ROOF  TRUSSES. 

906.  Dead  Load. — The  fixed  load  supported  by  a  roof -truss  con- 
sists of  (1)  the  weight  of  the  truss  itself;  (2)  the  covering,  includ- 
ing the  covering  proper,  such  as  slate,  tin,  or  shingles;  the  sheeting, 
rafters,  and  purlins;  and,  (3)  when  it  exists,  the  weight  of  ceilings 
or  floors  suspended  from  the  truss.  The  weight  of  the  covering  and 
that  of  ceilings  and  floors  can  be  directly  computed. 

The  total  weight  of  the  covering  will  vary  from  5  to  30  pounds 
per  square  foot  of  roof  surface.  The  weight  of  the  truss  can  only 
be  calculated  from  some  empirical  formulas.  It  has  been  found 
approximately  equal  to  ^  the  length  of  the  span  in  feet  multiplied 
by  the  area  of  the  roof  surface  included  between  any  two  trasses. 
If,  then,  I  =  the  span,  h  the  distances  between  the  trusses,  in  feet, 
and  the  area  equal  to  hi  square  feet,  the  weight  of  one  truss  in 
pounds  =  Vr^^'* 
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If,  however,  after  this  assumed  weight  the  actual  truss  differs 
materially,  a  recalculation  should  be  made. 

907.  Live  Load. — The  moving  or  variable  load  consists  of  the 
wind,  snow,  and  floor  loads.  The  maximum  wind  pressure  is  esti- 
mated at  from  30  to  56  pounds  per  square  foot  of  surface  normal  to 
its  directions. 

Experiments  have  shown  that  the  pressure  per  square  foot  on 
large  surfaces  is  less  than  that  on  small  surfaces;  and  from  these  ex- 
periments it  would  seem  safe  to  assume  a  maximum  pressure  of  45 
pounds  per  square  foot  upon  small  surfaces,  and  30  pounds  on  large 
ones.  The  more  recent  empirical  formulas  for  a  pressure  per  square 
foot  of  surface  is  |?  =  0.004v*.  v  being  the  velocity  in  miles  per 
hour,  with  30  pounds  per  square  foot,  v  =  86^  miles  nearly,  which 
is  an  unusually  high  velocity,  and  would  be  called  a  hurricane. 

The  longitudinal  component  of  the  pressure  of  the  wind  upon  a 
roof  is  zero  for  smooth  surfaces,  and  nearly  so  for  any  ordinary  sur- 
face. The  normal  component  is  usually  calculated  from  Hutton's 
formula, 

p'=j?  sin  a^.84coB«— 1^ 

in  which  p^  =  normal  component;  p  =  pressure  per  square  foot  on 
a  vertical  surface;  a  =  angle  of  inclination  of  the  roof  with  the 
horizontal.  Assuming  p  =  30  pounds,  and  a  different  values  from 
5^  to  60°,  the  following  values  of  ^'  result. 
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13.7 
16.9 
19.9 


Tablb  LXXIII. 

a  =  35° 
a  =  40° 
a  =  45° 
a  =  50° 
a  =  55° 
a  =  60° 


u 

€1 


P'  = 

P'  = 
P'  = 
P'  = 
P'  = 
P'  = 


22.6  pounds. 

25.1       « 

27.1 

28.6 

29.7 

30 


t€ 


€( 


U 


it 


From  an  inclination  of  60°  to  that  of  a  vertical  surface  the  value 
ot  p'  =  30  pounds,  as  near  as  may  be. 

The  snow  load  is  taken  at  from  10  to  30  pounds  per  square  foot 
of  horizontal  projection  of  surface,  the  weight  of  a  cubic  foot  of 
snow  being  from  5  to  12  pounds,  according  to  its  dryness.  When  a 
is  from  45  to  60°,  depending  on  the  smoothness  of  the  roof  covering, 
the  snow  load  need  not  be  considered.   The  floor  loads  will  vary  from 
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50  to  150  or  more  pounds  per  square  foot.   A  full  allowance  should 
be  made  in  the  calculation. 

The  weight  of  the  coTering,  sheeting,  snow,  and  wind  loads  are 
transferred  to  the  trusses  by  means  of  purlins.  It  is  better  to  place 
the  purlins  at  those  points  on  the  rafters  directly  supported  by 
struts,  called  joints;  otherwise  the  rafters  will  have  to  be  dimen- 
sioned to  bear  both  direct  compression  and  bending. 

Ill  most  roof-trusses  the  panel  lengths  are  equal,  and  commonly 
in  the  same  plane  on  each  side  of  the  centre;  the  purlins  are  usually 
placed  at  the  joints  or  panel  points.  In  such  case  the  panel  loads 
are  equal;  and  are  concentrated  at  the  joints.  It  is  also  usual  to 
assume  the  weight  of  the  truss  as  concentrated  in  equal  portions  at 
the  same  point,  at  the  points  of  support  one  half  of  a  panel  weight 
is  assumed  to  rest.  The  above  includes  all  weights  and  loads, 
namely,  those  of  the  structure,  snow,  and  wind.  If  the  roof  is  arched 
or  steeper  along  some  portions  than  along  others,  thea  both  snow 
load  and  wind  pressure  will  vary  from  panel  to  panel.  In  such  cases 
the  joint  or  apex  loads  will  be  unequal,  but  still  equal  to  the  half 
sum  of  the  adjacent  panel  loads.  When  the  purlins  rest  on  the 
rafters  or  chords  of  the  truss  at  points  between  the  joints  the  por- 
tion of  the  load  resting  on  them  at  these  points  is  assumed  to  be 
transferred  to  the  adjacent  joints  in  the  inverse  ratio  of  the  dis- 
tances of  these  points  from  the  joints. 

The  reactions  at  the  points  of  support  are  both  vertical,  arising 
from  the  weight  of  the  structure,  and  snow  and  floor  loads,  if  these 
latter  exist.  The  direction  of  the  reactions,  arising  from  wind- pres- 
sure, will  depend  upon  the  manner  of  supporting  the  truss.  If  both 
ends  are  flxed,  the  wind  reactions  will  be  parallel  to  the  direction  of 
the  resultant  wind  load.  If  one  end  is  free  to  move,  as  when  rest- 
ing on  rollers,  the  reaction  at  the  roller  end  will  be  vertical,  and 
that  at  the  fixed  end  will  have  to  be  determined  from  the  conditions 
existing.  If  one  end  is  fixed  and  the*other  rests  on  a  smooth,  slid- 
ing plate,  there  will  generally  be  a  horizontal  component  at  this 
end,  which  will  be  equal  to  the  vertical  component  multiplied  bv 
the  coefficient  of  friction,  which  may  be  taken  as  equal  to  one-third. 

As  roof-trusses  are  not  subjected  to  many  changes  in  the  posi- 
tion or  distribution  of  loads,  in  order  to  produce  maximum  stresses 
in  its  members,  the  graphical  method  of  determining  stresses  is 
especially  suitable,  as  only  one  or  two  stress  diagrams  are  necessary. 

908.  Referring  to  Articles  XXI  and  XXII,  where  are  given  the 
methods  of  finding  stresses  by  the  graphical  method,  and  recollect- 
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ing  the  diagrams  are  merely  built  up  of  a  series  of  triangles  and 
polygons  placed  together  along  lines  which  are  common  to  two  or 
more  of  them,  and  that  in  determining  the  kind  of  stress  in  the 
various  members  the  polygon  of  stress  for  eaoh  joint  must  be  con- 
sidered separately,  so  that  the  direction  of  action  of  stress  repre- 
sented by  the  common  line  may  be  different  when  taken  as  an  inde- 
pendent part  of  each  stress  polygon,  the  following  diagrams  will  be 
readily  understood: 

In  Fig.  324(a)  is  shown  a  form  of  truss  known  as  the  French 
Truss.  It  is  a  common  form,  and  considered  an  economical  design 
for  spans  not  exceeding  150  feet  in  length.  The  two  rafters  or  upper 
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Figs.  334. 

chords  are  trussed  beams,  and  divided  into  four  equal  panels  each. 
The  lettering  of  the  truss  is  such  that  in  the  stress  diagrams  any  line 
having  certain  letters  at  its  extremities  represents  the  stress  in  that 
member  of  the  truss  found  between  those  same  letters.  For  example, 
the  stress  in  the  upper-chord  panel  between  the  letters  li  and  a  in 
Fig.  324  is  represented  by  the  line  Ba  in  the  diagram  Fig.  324(rt), 
the  member  between  /  and  g  by  fg,  the  load  at  the  centre  stmt 
between  C  and  D  by  CD  in  the  line  of  loads,  and  so  on.  Consid- 
ering first  the  weight  of  the  structure  itself,  and  calling  wp  the 
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panel  weighty  at  each  of  the  joints  a  load  =  top  is  concentrated, 
except  that  at  A  and  A'  only  ^wp  acts  directly.  These  loads  are 
indicated  by  the  vertical  arrows  at  the  joints,  and  are  the  only  ex- 
ternal forces  considered  in  diagram  Fig.  324  (a).  Then  draw  the 
vertical  line  AA^  =  Swp,  total  dead  load  on  the  tmss,  and  divide 
it  so  that  to  any  given  scale,  say  5000  pounds  per  inch,  AB  and 
A'B'  will  each  equal  iwp,  and  the  other  divisions  =  wp;  then  with 
the  centre  point  the  force  polygon  for  loads  is  AA'  acting  down- 
wards =  Stop,  A'L  upwards  =  ^wp^  and  LA  upwards  =  4fpp,  the 
reactions  at  A'  and  A^  respectively.  Then  for  the  joint  A  we  have 
the  upward  reaction  =  AL\  the  load  =  \'wp  =  AB  acting  down- 
ward, both  known ;  and  the  unknown  stresses  in  Ba  and  aL.  Then 
from  B  draw  a  line  parallel  to  the  piece  Ba^  and  from  L  a  line 
parallel  to  the  piece  Za,  forming  the  closed  polygon  LAy  AB,  Ba, 
and  aL,  or  LABaL.  Ba  acts  towards  the  left,  that  is,  inward  on 
the  rafter  towards  A,  hence  compression;  while  aL  must  act 
towards  the  right  or  outwards  from  A  on  the  piece  aL,  hence 
tension.  For  the  joint  at  the  first  strut  between  B  and  C  we  have 
the  load  pw,  the  stress  just  determined  in  the  member  Ba,  and  the 
unknown  stresses  in  the  strut  ab  and  the  panel  bC.  In  diagram  (a) 
the  known  terms  are  BC  —  pw  and  Ba  the  stress  in  Ba\  from  a 
and  C  draw  the  lines  ab  and  Cb  parallel  to  the  members  Cb  and  ab. 
They  will  represent  the  unknown  stresses,  the  force  polygon  being 
BabCB.  As  Ba  has  been  found  to  be  a  compressive  stress,  it  must 
act  inwards  towards  the  joint  now  under  consideration,  that  to- 
wards the  right  from  at  to  B, — the  opposite  direction  from  that  given 
to  it  when  the  diagram  for  joint  A  was  under  consideration;  BC 
acts  downward ;  Cb  to  the  left  or  inwards  towards  the  joint,  hence 
compression  in  Cb;  ba  acts  upwards  towards  the  left,  that  is,  in- 
wards on  the  strut  ab  towards  the  joint,  hence  this  member  is 
under  compression.  For  the  joint  at  the  foot  of  this  strut  between 
ac  we  have  the  four  stresses  in  ab,  aL,  cb,  and  cL;  the  first  two 
are  known.  From  b  draw  the  line  be  parallel  to  the  member  ^• 
intersecting  the  known  stress  line  aL  in  c;  the  polygon  for  this 
joint  is  LabcL,  Since  the  members  aL  and  cL  are  in  the  same 
straight  line,  as  ab  must  act  inwards  towards  the  joint  between  a 
and  c  on  the  member  ab,  then  be  acts  upwards  to  the  right,  indicat- 
ing tension  on  be;  cL  acts  outwards  to  the  right,  or  tension  on  cL. 
This  brings  us  to  the  joint,  at  the  main  strut  cd,  between  Cand  D. 
Here  it  is  seen  that  we  have  three  unknown  stresses,  namely,  that 
in  cd,  de,  and  De;  whereas  the  method  now  being  followed  permits 
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of  only  two  unknown  stresses  at  any  one  joint;  we  must  therefore 
be  able  to  find  one  of  these  unknown  quantities  by  some  independ- 
•ent  method. 

Passing  on  to  the  joint  between  the  panels  D  and  E  we  would 
still  have  three  unknown  stresses;  but  it  is  evident  that  the  only 
stress  that  can  come  upon  the  member  ed  arises  from  the  stress 
developed  in  ef  by  the  load  wp^  which  is  equal  to  the  normal  com- 
ponent of  that  load.  Or,  decomposing  DEy  diagram  {a),  into  com- 
ponents parallel  and  perpendicular  to  the  rafter,  DN  and  NE  are 
these  components,  respectively.  It  is  further  evident  that  the  com- 
pression in  the  chord  De  is  greater  than  that  in  Efhj  the  parallel 
component  ^D,  that  in  Cd  greater  than  that  in  De  by  the  same 
amount,  and  that  in  Ba  greater  than  that  in  Cb  by  the  same. 
Therefore  if  we  prolong  EN  as  indicated  to  intersection  with  Ba 
at  N",  the  increments  of  stress,  in  the  successive  panels  towards  A 
over  that  in  the  upper-chord  panel  Ef,sxe,  respectively,  ND,  N'C, 
and  N"B;  and  the  stress  lines  to  the  left  of  ENN'N"  must  be  of 
the  same  length,  i.e.,  aN"  =  IN*  =  eN  ^fE.  If,  then,  through 
the  points  D  and  E  of  line  of  loads  we  draw  De  and  Ef  parallel 
to  the  members  De  and  Ef  of  the  truss,  and  prolong  ah  of  dia- 
gram {a)  to  intersection  with  them,  at  e  and  f  respectively,  De  and 
Ef  will  represent  the  stresses  in  the  chord  panels  De  and  Ef  and 
the  intercepted  line  ef  will  represent  the  stress  in  the  strut  ef 
Having  now  found  the  stress  in  chord  panel  i>e,  there  remains  only 
two  unknown  stresses  at  the  joint  between  6'and  Z>,  namely,  that 
in  cd  and  de.  Then  draw  from  c  a  line  parallel  to  the  strut  cd, 
and  from  e  a  line  parallel  to  the  member  de,  intersecting  at  d  in 
diagram  (a);  then  the  stress  polygon  CbcdeDC,  in  which  cd  is  the 
compression  in  strut  cd,  and  ed  is  the  tension  in  de*  For  the  joint 
between  c  and  d  the  stress  polygon  is  LcdgL  and  for  the  joint  be- 
tween e  and  /  is  efgde.  The  kind  of  stress  in  the  several  members 
can  be  determined  as  explained  fully  above.  The  full  lines  in  dia- 
gram give  the  stresses  in  all  of  the  members  in  the  left  half  of  the 
truss.  As  the  truss  is  symmetrically  loaded,  corresponding  members 
in  the  other  half  have  the  same  kind  and  magnitude  of  stress  in 
them.  As  a  check,  however,  the  diagram  for  the  other  half  should 
be  drawn;  this  is  indicated  by  the  dotted  lines,  the  closing  of  the 
last  line  corresponding  to  fg\  that  is,  fg  at  the  point  g  checks 
,the  whole  work,  or  the  work  can  be  checked  by  moments  without 
drawing  the  second  half  of  the  diagram.  Compression  members 
are  indicated  by  double  lines,  tension  by  single  lines,  in  Fig.  324. 
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The  same  diagram  exactly  can  be  used  for  the  stresses  due  to 
the  snow  load,  the  scale  being  changed  to  suit  the  panel  weight 
of  snow;  or  if  the  panel  weight  of  snow  is,  say,  three  fourths  of 
that  due  to  weight  of  structure^  simply  take  three  fourths  of  the 
stresses  scaled  off  from  diagram  (a) :  they  will  be  the  stresses  due  to 
the  snow  load,  and  will  be  of  the  same  kind  as  those  for  dead  load. 

909.  Wind  Stresses, — As  the  reaction  at  the  roller  end  is  yertical 
whether  the  wind  blows  from  the  right  or  left,  the  stress  diagrams 
will  not  be  the  same  in  the  two  cases;  consequently  there  must  be 
one  stress  diagram  for  the  wind  blowing  from  one  side,  and  a  second 
diagram  when  blowing  from  the  other.  Diagram  Fig.  324  (b)  is 
for  the  wind  blowing  from  the  left,  or  against  the  truss  on  the 
roller-end  side.  The  normal  component  of  the  pressure  for  differ- 
ent wind  Yelocities  is  given  in  table,  paragraph  907.  CalliDg  this 
per  panel  vp,  we  have,  acting  normally  to  the  top  chord  at  each  of 
the  panel  points  between  B  and  C,  (7  and  D,  and  D,  Ey  a  pressure 
vp\  and  at  A  and  the  apex  between  E  and  E',  ]^vp.  The  diagram 
(b)  is  then  readily  constructed.  Draw  AE'  to  represent  ^vp  parallel 
to  the  normal  wind  pressure,  and  divide  this  line  so  that  AB  =  {vp, 
=  EE'y  and  BC  =  CD  =  DE  =  vp,  acting  from  A  towards  E\ 
Then,  since  the  reaction  at  A,  the  roller  end,  is  vertical,  we  can 
readily  find  this  reaction  from  2m  =  0,  with  axis  of  moments  at 
A': 

2m  =  R  X  L  —  ivpXoo'  =0,  .    .    .    .    (503) 

from  which  the  reaction  i^  at  ^  is  found.  Lay  oft  this  vertically 
from  A  =  AL.  Then  LA'  will  be  the  wind  reaction  at  A\  the 
fixed  end  of  the  structure,  -4 Z-4'  being  the  force  polygon  in  dia- 
gram (b).  Then  for  the  joint  A  the  stress  polygon  is  LABaL 
As  LA  acts  upward,  AB  downward,  Ba  to  the  left,  or  inwards  on 
the  member  Ba,  it  will  be  compression ;  and  as  aL  acts  to  the  right 
or  outwards  on  the  member  aL,  it  is  tension.  For  the  joint  between 
B  and  Cthe  stress  polygon  is  BabC;  the  stress  polygon  for  joint 
ab  is  LabcL;  for  DC,  CbcdeDC,  For  wind  pressure  there  is  no 
trouble  at  the  joint  between  CD,  since  the  pressure  at  that  point, 
vp,  as  well  as  that  transmitted  to  it  through  the  members  be  and 
de  =  ^vp  +  \vp,  or  a  total  of  '^vp,  acts  normally  to  the  chord,  or  in 
the  direction  of  the  strut  dc.  The  stress  on  this  strut  is  known, 
and  equal  to  2v/?;  and  there  are  then  only  two  unknown  stresses, 
namely,  those  in  DE  and  de,  and  there  is  no  difficulty  in  drawing 
the  stress  polygon  CbcdeDC.     For  joint  between  D  and  E,  stress 
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polygon  is  DefED\  for  joint  «/,  stress  polygon  defgd.  From  which 
it  will  be  seen  that  by  giving  proper  direction  to  the  stresses  in  the 
seyeral  stress  polygons,  the  stresses  in  all  members  of  the  left  half 
of  the  tmss  are  of  the  same  kind  as  those  caused  by  dead  and  snow 
loads,  the  resultant  stresses  being  the  sum  of  all  three  stresses;  ex- 
cept that  in  the  horizontal  tension  member  gLy  when  only  acted 
upon  by  dead  and  snow  loads,  the  wind  load  tends  to  produce  com- 
pression, as  seen  from  the  stress  polygon  for  the  joint  between  c  and 
dy  which  is  cdgLcy  since  cd  acts  downwards,  dg  to  the  right,  gL  to 
the  left,  inwards  on  the  piece  Lg  towards  the  joint,  that  is,  gL  indi- 
cates compression.  As  in  the  case  considered  there  is  no  direct 
action  of  the  wind  on  the  right  half  of  the  truss,  the  entire  effect  of 
the  wind  pressure  must  be  transferred  to  it  at  the  apex  joint  EE', 
or  possibly  through  Lg  also.  The  stress  polygon  for  the  joint  EE' 
is  gfEE'f'gy  from  which  it  will  be  seen  that  the  stresses  in  the  mem- 
bers E'f  and  f'g  are  compressive;  and  for  the  joint  d'c'  the  stress 
polygon  is  the  little  triangle  gLf  (or  a').  As  all  of  these  act  in- 
wards towards  the  joint  gd',  gL  and  Lc'  are  compressive,  and  the 
same  as  in  gf  and  La'.  For  the  joint  A'y  the  stress  polygon  is 
La'  (or/')  A'Ly  A'L  being  the  reaction,  and  others  stresses.  From 
the  above  it  is  seen  that  when  the  wind  blows  from  the  left,  as  indi- 
cated, the  stress  on  the  right  side  rafter  or  chord  is  compressive, 
and  represented  by  the  stress  line  A'  (or  JF')/'*  *^^  ^s  constant  from 
end  to  end,  and  of  the  same  kind  as  those  caused  by  dead  and  snow 
loads;  but  that  the  tendency  is  to  cause  compression  on  the  mem- 
bers gfy  gd'y  c'L  and  aLy  and  gLy  all  of  which  are  under  tension 
due  to  dead  and  snow  loads.  The  actual  stress^then  existing  is  that 
due  to  the  difference  between  the  compressive  and  tensile  stresses. 
This  difference  will  usually  be  of  the  same  kind  as  the  dead-load 
stresses,  unless  the  truss  has  a  great  rise  as  compared  with  tho 
length  of  span.  In  this  case  the  wind  stresses  would  be  greater  than 
the  dead-load  stress,  and  these  members  may  be  at  times  under 
compression,  and  should  be  counterbraced  so  that  they  may  act 
as  both  struts  and  ties.  There  is  no  wind  stress  on  the  members 
/«,  ^'d\  d'c'y  c'h\  or  h'a\ 

When  the  wind  pressure  acts  on  the  right  or  fixed-end  side  the 
stress  diagram  is  as  given  in  Fig.  324  (6).  The  reaction  at  the 
roller  end  A  is  vertical,  and  found  from  2m  =  0,  as  before.  The 
lever-arm  of  4pt?  is  now,  however,  o,o„  instead  of  oo\  As  in 
eq.  (503), 

2m  =  Bx  L  —  ivpX  0,0^  =  0,     ...     (504) 
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from  which  the  vertical  reaction  at  ^  is  iZ  =  LA  (Pig.  324  (c) ). 
A'B  is  the  line  of  loads;  and  from  A  or  E  lay  off  AL  =  R,  verti- 
cally; LA'  is  the  closing  line.  The  force  polygon  is  then  A' LA, 
and  LA'  is  the  reaction  at  A'  in  magnitude  and  direction.  Tlie 
diagram  {c)  is  then  constructed  similarly  to  diagram  (h).  This 
can  readily  be  constructed,  and  the  magnitude  and  kind  of  stresses 
determined  as  described  above. 

The  kind  of  stress  that  will  result  cannot  be  predetermined. 
The  direction  of  action  with  respect  to  the  joint  under  considera- 
tion must  be  followed  out  for  each  stress  polygon  taken  separately, 
commencing  with  those  that  are  known,  and  following  continu- 
ously around  the  polygon.  All  stress  lines  acting  on  the  member 
considered  inwards  towards  the  joints  indicate  compressionj  and 
those  acting  outward  indicate  tension.  Scaling  off  all  the  stress 
lines,  reducing  them  to  pounds  or  tons  according  to  value  of  the 
unit  used  in  laying  off  the  load  lines,  adding  all  of  the  same 
kind  or  sign  to  determine  maximum  stress,  taking  the  differ- 
ences where  the  kind  of  stresses  from  some  loads  is  different  from 
others,  and  assuming  compression  as  plus  (-f-)  and  tension  as 
minus  (— ),  if  the  difference  is  the  same  sign  as  that  due  to  the 
dead  load.,  the  member  will  always  have  the  same  kind  of  stress.  If, 
however,  it  is  of  the  opposite  sign  to  the  dead -load  stress,  the  mem- 
ber must  be  counterbraced,  that  is,  designed  and  connected  to  bear 
both  tension  and  compression. 

910.  In  the  above  example,  assume  a  length  of  span  AA'  =  L 
=  97.5  feet;  rise  =  35  feet,  or  30  feet  above  lower  tension-rod  ^Z: 

then  the  length  of  one  side  of  the  roof  =  '\/48.75'+ 35*  =  60.0  feet; 
panel  length  =  15  feet;  angle  of  inclination  Df  side  =  arc-sin  \\ 
=  35**  =  or;  the  distance  centre  to  centre  of  trusses  =  20  feet;  weight 
of  truss  itself  =  ^hP  —  7922  pounds;  weight  of  roof  covering  20 
pounds  per  square  foot,  and  per  truss  60  X  2  X  20  X  20  =  4iJ,000 
pounds.  Then  total  dead  load  =  48,000  -f  7922  =  56,922;  panel 
weight  =  wp  =•  Ai|8.£  r=  6990  pounds.  These  are  the  joint  loads 
represented  by  BO  =  CD,  etc.;  AB  =  A'B'  =  3495  pounds. 

Taking  the  snow  load  at  20  pounds  per  square  foot  of  pro- 
jected area,  equal  to  span  X  distances  between  trusses,  total  snow 
load  =  39,000  pounds  =  97.5  X  20  X  20,  and  per  panel  =  ^H^ 
=  4876  pounds.  Diagram  Fig.  324  (a)  can  be  used  for  this  load- 
ing by  making  ^0  =  T/),  etc.,  =  4875  pounds,  or,  what  is  the  same 
thing,  multiplying  dead-load  stresses  by  fj^^-  =  0.697,  nearly. 

From  the  table,  paragraph  907,  the  normal  component  of  the 
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pressure  on  a  surface  sloping  at  35^  is  22.6  pounds;  and  as  this 
•can  act  only  on  one  side  of  the  roof  at  a  time^  total  wind  pressure 
=  22.6  X  60  X  20  =  27,120  pounds,  and  per  panel  =  t;;;  =  ^JA^  = 
6780  pounds.  This  is  represented,  in  diagrams  (b)  and  {c),  hj  BC  = 
CD  =  B'C  =  CD'  rndAB^  BE'  =  A'B'  =  EE'  =  3390  pounds. 
The  values  of  the  stress  lines  are  determined  by  the  same  scale. 

911.  Another  common  form  of  roof-truss  is  shown  in  Fig.  325. 
All  inclined  members  are  under  compression;  all  verticals  and 
horizontal  rods  are  under  tension.  This  truss  is  often  constructed 
.  with  wooden  compression  members  and  iroi;!  tension  members. 
The  same  may  be  said  of  the  French  truss,  just  discussed.  The 
force  and  stress  diagrams  for  the  truss  Fig.  325  can  be  readily 
constructed,  following  the  principles  laid  down  in  the  preceding 
-discussion.  The  stresses  are  easily  calculated  from  the  joint  dia- 
grams, as  there  are  only  three  members  meeting  at  any  joint.    The 
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stress  on  the  verticals  is  readily  determined,  as  they  simply  trans- 
mit the  load  brought  to  them  by  the  inclined  struts.  The  load  at 
«ach  of  the  panel  points  is  equal  to  one  eighth  of  the  entire  load 
=  wp,  except  at  A  and  A\  where  it  is  =  iwp.  ABB'  is  a  simple 
triangular  truss  with  equally  inclined  struts.  The  stress,  then,  in 
AB  or  BB'  =  iiop  sec  or,  and  in  AB'  ^^wp  tan  a.  For  the  truss 
A  CO'  the  apex  load  at  C—wp-\-\^op\  iwp  passing  from  B  to  B' 
3Jid  from  B'  to  G.  The  stress  in  AC  =ix  l\wp  sec  a\  in  CO'  = 
i  X  \^op  sec  a';  and  in  the  chord  AC  =  ^X  l^wp  tan  a.  For 
the  trass  ADD',  apex  load  Ki  D  =  wp  +  ^x  l\wp  =  2wp.  Stress  in 
AJD  =  i  X  2wp  sec  or;  in  DD'  =  }  X  ^wp  sec  a,;  and  in  chord 
A£>'  =  i  X  2up  tan  a.  For  the  truss  AEA',  apex  load  =  iwp 
-f-  J  X  2wp  =  2wp  from  left  half  and  2wp  from  right  half,  with  top 
chords  at  equal  inclination.  Stress  in  AE  =  EA'  =  2wp  sec  a, 
and  in  chord  AA'  =  2^7?  tan  a, 

AB  forms  a  part  of  all  four  trusses,  BG  oi  the  three  larger,  CD 
of  the  two  larger,  and  DE  only  of  the  largest  or  primary  truss;  and 
similarly  for  AB',  B'G',  and  G'D'. 

Hence,  summing  up. 
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Compression  in  DE  =  %wp  sec  or; 

"  CD  =  2wp  sec  a  +  ^top  sec  a\ 

BC  =  2^wp  sec  a  +  i^^i?  sec  a; 

AB  =  3m7?  sec  or  +  ^p  sec  or; 

Tension  in  CB'  =  iwj^;  in  DC  =  wp;  and  in  ^2>'=  (l-J 
+  li)w;;  =  Zwp] 

Compression  in  BB' =  iwp  sec  a;  in  CC'  =  wp  sec  a; 
and  in  Z)Z>'  =  liwp  sec  or,. 


(505) 


Tension  in  CD'  =  2w/?  tan  a; 

B'C  =  2wp  tan  a  +  •Jwi'j^  tan  a; 
AB'  =  2iwjD  tan  a  +  \wp  tan  or. 
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Stresses  from  snow  loads  are  found  by  substituting  the  proper 
numerical  value  for  top,  as  already  explained  in  paragraph  910,  in 
the  above  equations.  For  wind  stresses  it  would  be  better  to  apply 
the  stress  diagrams  or  use  the  method  of  moments^  as  the  kinds  of 
stress  in  any  member  can  be  more  readily  determined. 

Often  the  Crescent  truss  or  some  form  of  arch  truss  is  used  for 
long  spans.  The  arch  truss  is  usually  hinged  at  crown  and  spring- 
ing. For  train-shed  roofs  the  arch  often  extends  to  the  floor,  the 
horizontal  components  at  the  springing  being  resisted  by  means  of 
a  tie-rod  placed  beneath  the  floor. 

If  the  arch  has  no  hinges,  or  has  but  the  two  hinges  at  the 
abutment,  the  stresses  depend  upon  distortion  as  well  as  upon  the 
static  load. 

For  the  full  discussion  of  roof-trusses  of  these  types  see  such 
works  as  Dubois  and  Johnson,  as  it  would  be  beyond  the  scope  of 
this  volume. 

Trusses  of  this  kind  will,  however,  be  briefly  discussed  in  an- 
other connection  later. 

BRIDOE  TRUSSES. 

912.  The  general  definition  of  a  frame  has  been  given  in  Arti- 
cle XXII,  paragraph  208.  In  this  article  a  framed  structure  is  to 
be  considered  as  composed  of  straight  members,  connected  or  joined 
at  their  extremities  in  such  a  manner  as  to  act  sensibly  as  a  rigid 
body. 

This  applies  equally  to:  (1)  Bridge-trusses,  either  for  railway  or 
highway  bridges;  (2)  Roof-trusses. 

The  principles  and  their  applications  are,  however,  the  same, 
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whatever  may  be  the  character  of  the  structure  or  for  whatever 
purpose  constructed. 

The  determination  of  the  magnitude  and  character  of  the 
stresses  will  in  general  be  perfectly  simple,  even  in  the  most  com- 
plicated frames,  when  the  direction,  magnitude,  and  points  of  ap* 
plication  of  the  loads  or  external  forces  are  assumed  or  known. 
The  first  and  important  questions  are,  What  are  the  loads,  and  in 
what  manner  should  they  be  distributed  on  a  structure  in  order 
that  they  may  produce  the  maximum  stresses  on  the  members  of 
the  truss  ?  The  determination  of  these  questions  is  very  difficult 
and  in  many  respects  unsatisfactory,  and  as  a  consequence  many 
different  assumptions  and  suppositions  have  been  made.  These 
differ  considerably  in  the  practice  of  the  several  bridge  companies 
and  in  the  requirements  of  engineers. 

In  either  case  the  loads  are  divided  into  two  kinds:  (1)  Dead 
Loads  and  (2)  Live  Loads. 

913.  Dead  Load, — The  dead  load  is  the  weight  of  the  structure 
itself.  Evidently  this  must  be  assumed,  or  calculated  by  some  em- 
pirical formula  deduced  from  the  actual  weights  of  structures  that 
have  been  erected. 

This  can  now  be  done  with  such  a  close  degree  of  approximation 
that  a  second  calculation  will  not  in  general  be  necessary.  This  load 
is  commonly  considered  as  uniformly  distributed  over  the  entire 
structure  or  bridge,  and  is  commonly  expressed  in  pounds  or  tons 
per  foot  of  length. 

914.  Live  Load. — The  live  or  moving  load  consists  of  trains, 
vehicles,  people,  snow,  and  the  force  of  the  wind,  or,  in  short,  of  any 
temporary  and  moving  load  or  force  that  may  come  upon  a  struc- 
ture, or  not  in  any  wise  connected  with  or  forming  a  part  of  the 
structure  itself. 

The  purpose  for  which  the  frames  or  trusses  are  constructed  de- 
termines the  special  kind  of  live  load  which  it  will  have  to  support. 

It  will  therefore  be  necessary  to  discuss  and  determine  both 
the  dead  and  live  loads  by  considering  the  form  and  purpose  of  the 
structure. 

RAILWAY   BRIDGES. 

916.  A  railway  bridge  or  span  consists  of  two  parallel  and  ver- 
tical or  of  two  inclined  trusses  or  frames,  connected  by  a  system  of 
horizontal  braces  called  wind  or  lateral  braces;  and  a  floor  system, 
the  purpose  of  whichis  to  support  directly  the  moving  load  and 
transmit  this  load  to  the  trusses  which  support  it  and  carry  the 
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load,  both  dead  and  live,  to  the  piers,  abutments,  or  siipport& 
This  floor  system  consists  of  floor-beams,  stringers,  ties,  guard-raila, 
iron  rails,  etc.  Each  truss  is  a  frame  composed  of  two  chords, 
either  parallel  or  inclined  to  each  other,  and  at  vertical  distances 
apart,  determined  by  questions  of  strength,  stiffness,  length  of  span, 
convenience  and  economy  in  design,  manufacture,  and  erection. 

These  chords  are  connected  by  a  system  of  braces,  called  the 
web  system,  which  taken  together  constitute  the  truss.  The  truss 
as  a  whole  is  designed  to  act  as  a  beam,  while  each  of  its  component 
parts  or  members  is  subjected  only  to  a  longitudinal  stress,  that  is. 
a  stress  either  of  direct  compression  or  tension.  With  long  panels, 
and  where  the  live  load  is  distributed  along  the  chords,  these  are 
under  bending  stress,  in  addition  to  the  direct  longitudinal  stress. 

The  kind  of  stress,  whether  tension  or  compression,  borne  by 
each  member  of  a  truss  will  depend  upon  its  position  in  the  truss, 
and  upon  the  manner  of  loading  and  supporting  the  truss. 

As  a  rule,  the  toj)  chords  of  bridge-trusses  are  under  compression, 
the  bottom  chords  under  tension,  the  exceptions  being  the  cantilever 
trusses  and  the  trusses  of  swing-bridges,  under  certain  conditions. 
The  diagrams  illustrating  all  of  the  more  common  types  of  bridge- 
trusses  have  been  given,  only  one  or  two  of  which  are  now  in 
common  use.  It  will  be  seen  from  these  designs  that  the  web  mem- 
bers may  be  designed,  connected,  and  placed  with  respect  to  the 
load,  so  that  any  one  may  act  either  as  a  strut  or  tie,  with  the  sole 
limitation  that  they  must  be  alternately  in  tension  or  compres- 
sion; and  each  will  always  be  permanently  under  tension  or  compres- 
sion, except  in  the  Warren  or  Zigzag  girder,  in  which  some  of  the 
web  members  will  be  under  tension  at  one  time  and  compression  at 
another.    This  is  called  a  counterbraced  system. 

To  avoid  this  alternation  of  stress  in  the  same  member,  counter- 
braces  are  introduced  in  certain  panels,  in  which  case  the  other  web 
members,  called  main  braces,  are  always  under  the  same  kind  of 
stress  in  any  particular  truss. 

Until  quite  recently  all  spans  over  60  to  70  feet  in  length  were 
composed  of  trusses,  while  spans  under  those  lengths  were  either 
trussed,  or  composed  of  solid-built  beams.  This  limit  has  now, 
however,  been  extended  to  lengths  of  100  or  120  feet  or  more;  very 
recently  a  plate  girder  of  about  180  feet  in  length  has  been  built. 
The  bending  moments  and  shears  due  to  live  or  moving  loads  will 
now  be  considered. 


FBAMED  STBUCTUBSS.  1015 


BENDING   MOMENTS  IN  A  BEAM. 

916.  In  the  preceding  application  of  the  balance  of  moments 
the  structure  has  been  taken  as  whole^  and  only  the  question  of  the 
equilibrium  of  the  externally  applied  forces  been  considered.  The 
equations  of  equilibrium  were  only  used  to  find  the  magnitude 
and  direction  and  points  of  application  of  the  unknown  forces  from 
those  that  were  known^  which  we  have  seen  is  always  possible  when 
there  are  only  three  unknown  forces. 

Having  now  seen  the  manner  of  determining  the  magnitudes 
and  disposition  of  the  external  forces  on  a  beam  or  truss  in  equili- 
brium, we  come  to  consider  the  effect  of  these  forces  upon  the  beam, 
and  the  manner  in  which  they  are  or  should  be  resisted. 

Under  this  division  of  the  subject  we  apply  the  equations  of 
equilibrium  to  only  a  portion  of  the  beam^  conceived  to  be  separated 
from  the  other  portion  of  the  beam  by  an  ideal  section.  Equilibrium 
must  then  be  produced  by  the  supposed  application  of  certain  ex- 
ternal forces,  which  are  equal  to  actual  internal  stresses  developed 
by  the  resistances  of  the  material  to  strains.  The  moment  of  the 
external  forces,  taken  with  respect  to  the  neutral  axis  of  the  ideal 
surface,  whichever  portion  of  the  beam  may  be  considered,  is  called 
the  bending  moment  at  that  section.  And  whatever  may  be  the 
distribution  of  the  external  forces,  the  sum  of  the  moments  of  all  of 
these  forces  on  one  side  of  the  section  must  be  equal  to  that  on  the 
other,  but  of  opposite  sign. 

We  usually  call  a  bending  moment  positive  when  it  tends  to  pro- 
duce convexity  downwards  or  causes  a  tensile  stress  in  the  lower 
fibres.  The  positive  bending  moment  has  then  the  same  sign  as  the 
moment  of  the  resultant  force  on  the  left  of  the  section,  and  nega- 
tive when  the  reverse. 

The  bending  moment  at  any  section  C7,  in  a  beam  supported  at 
both  ends,  is  always  positive. 

The  effect  of  placing  any  additional  load  on  a  beam  supported 
at  both  ends  is  simply  to  increase  the  abutment  reactions,  and  con- 
sequently the  positive  bending  moment  at  any  section.  For  a  uni- 
form load  the  maximum  bending  moment  occurs  then  at  any  sec- 
tion when  the  load  covers  the  beam  from  end  to  end.  From  Art. 
XXIII  we  see  that  the  bending  moment  at  any  point  distant  x  from 
the  centre  of  the  uniformly  loaded  beam,  Fig.  326  (6),  is 

M  =  iwP  -  hex' ; (507) 
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or^  under  another  form^ 


if=^r_««^=^?-a;)(|xa;).    .    .    (508) 

In  words,  the  bending  moment  at  any  point  is  one  half  the  load  per 
unit  of  length  (one  foot  or  one  inch),  multiplied  by  the  product  of 


(b) 

'  '  '  '    I  I   I  I  I  I  1  I 


Fio8.  800. 

the  segments  (in  feet  or  inches)  into  which  the  beam  is  divided. 
Eq.  (508)  is  that  of  a  parabola,  the  middle  ordinate  of  which  is 
iwP,  X  being  zero  at  the  middle  point. 

For  a  single  isolated  load  W^  (see  Fig.  326  (a) )  the  reaction  on 

2+  ^ 
the  right  is  R'^  =  W — j — ,  and  the  bending  moment  at  any  point 

is  the  greatest  when  the  load  is  at  that  point;  and  hence  at  D 

I 


*=-.(iir)(|-^)=<i-?). -. 


(509) 


This  will  have  its  maximum  when  a:  =  0;  that  is,  at  the  centre 
of  the  beam,  where  M^  =  W-,    Eq.  (509)  is  that  of  a  para^la  whose 

maximum  ordinate  is  W—. 

4 

917.  The  determination  of  the  point  of  maximum  bending  when 
there  are  any  number  of  isolated  loads,  either  with  or  without  a 
uniform  load  on  a  portion  of  the  beam  or  span,  will  be  fully  dis- 
cussed in  another  paragraph. 

As  an  illustration  of  the  method  of  determining  the  point  of 
maximum  bending  and  the  curve  of  maximum  moments,  take  any 
two  equal  loads  capable  of  moving  along  a  beam,  but  at  the  same 
time  maintaining  a  fixed  distance  apart  represented  by  a,  as  shown 
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in  Fig.  327.  Let  W^  and  W^  be  the  loads^  I  the  length  of  the  span, 
X  the  distance  of  the  left-hand  load  from  the  centre  of  the  beam, 
and  X  —  a  the  distance  of  the  right-hand  load  from  the  centre. 
For  the  bending  moment  under  the  left-hand  load,  W  ,  the  resul- 
tant moment  will  be  that  due  to  both  loads.    The  left  reaction 


due  to  the  load  fT,  is  B,  =  JT, 
IT,  is  then 

I 


l  +  x^a 


Its  moment  under 


This  equation  is  that  of  a  parabola  haying  a  maximum  ordinate^ 


aix  =  -^f  thus  equal  to 

This  is  the  curve  in  Fig.  327,  AVB%  with  maximum  ordinate 
at  b^  distant  from  the  centre  G  of  the    m w,-w  /. 

beam  -5. 

The  curve  of  moments  for  the  load 

W  ^  is  the  parabola  AhB  as  the  loads 

move  over  the  beam  (see  eq.  (509) )  with 

maximum  ordinate  at  the  centre  of  the 

beam. 

The  ordinates  of  these  two  curves 
tulded  together  will  give  the  curve  representing  the  sum  of  the  mo- 
ments, namely,  ACDB.    The  equation  of  the  portion  A  CD  is  found 
by  adding  eqs.  (509)  and  (510),  recollecting  that  the  loads  are  equal, 
fF,  =  TF,  =  W.    Hence  total  moment 


c    c 
Fig.  827. 


rot  a  maximum,  -^  =  0.     Hence  a:  =  -. 
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Changing  the  origin  to  this  point  by  making  z  =  x'  +-m 
eq.  (512), 

This  is  the  equation  of  a  parabola  with  axis  vertical  pass- 
ing through  the  origin.    The  maximum  ordinate  is,  for  x'  =  0, 

^U  —  -1   =o£7in  the  figure.     For  moment  under  the  right-haud 

load  the  curve  is  AD'C'By  and  is  symmetrical  to  ACDB.  The 
greatest  moments  for  the  left  half  occur  under  the  left  load,  and 
for  the  right  half  under  the  right  load.  The  maximum  moment 
in  the  beam  is  found  at  a  distance  from  the  centre  equal  to  one 
fourth  the  distance  between  the  loads,  in  which  case  the  loads 
straddle  the  centre  in  such  a  manner  that  the  left  load  is  \a  to  the 
left  of  the  centre,  and  the  right  load  is  ih  to  the  right  of  the  centre, 
or,  as  more  commonly  expressed,  the  position  of  the  loads  for  maxi- 
mum bending  is  such  that  the  distance  between  the  centre  of 
gravity  of  the  loads  and  the  point  of  maximum  bending  is  bisected 
by  the  centre  of  the  span.     This  will  be  better  understood  later. 

918.  These  bending  moments  at  any  section  of  the  beam  must 
be  balanced  by  the  moment  of  the  internal  stresses  indicated  by  the 
arrows  acting  on  the  ideal  section  in  Fig.  326  (a),  and  represented 

fl 
by  the  general  equation  Jf^  =  — -   (see  paragi'aph   317);  and  for 

equilibrium  the  bending  moment  of  the  external  forces  must  be 
equal  to  the  moment  of  resistance,  Jf  .=  M^. 

SHEAB  IN  BEAKS. 

919.  Referring  to  Fig.  326  {a),  the  algebraic  sum  of  the  forces 
acting  on  either  side  of  the  ideal  section  is  called  the  shear  on  that 
section.  For  convenience,  when  the  direction  of  the  resultant 
force  on  the  left  portion  of  the  beam  tends  to  move  it  upwards  on 
the  right  portion,  the  shear  is  called  positive.  The  sign  of  the  re- 
sultant force  is  evidently  positive  on  one  side  and  negative  on  the 
other  side  of  the  section.  This  shear  must  be  balanced  by  the 
internal  stress  in  the  section.  This  is  called  the  shearing  stress,, 
and  is  indicated  by  the  downward  force  S  in  the  figure. 
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The  shear  at  any  point  C  (Fig.  326  (i) )  in  the  beam  is  equal  to 
the  reaction  on  the  left  minus  the  load  between  A  and  (7. 


8 


^  R^—wx^  «rf-  —  itM, (514) 


for  a  uniform  load  of  the  intensity  w.  This  is  the  equation  of  a 
straight  line  having  a  maximum  positive  ordinate  =  n^  ^  when 

a;  =  0,  and  maximum  negative  ordii^ate,  =  —  w-5,  when  a;  =  Z,  and 

/S  =  0  when  ^  =  -s*  ^^  origin  being  taken  at  Ay  the  left-hand  end 

of  the  beam.  This  condition  is  shown  in  Fig.  328  (a).  The  con- 
dition for  maximum  bending  moments  from  a  moving  load  is 
that  the  entire  span  is  loaded^  and  is  therefore  the  same  as  that  due 
to  the  weight  of  the  structure  when  a  uniform  moving  load  is  taken, 
so  that  w  in  the  formulaB  for  bending  moments  can  be  taken  to  in- 
clude both  dead  and  live  loads.  Not  so  when  isolated  live  loads  are 
used. 

When  we  come  to  consider  the  shears,  it  is  essential  to  separate 
the  live  load  and  the  dead  load.  Shears  due  to  the  dead  load  are 
to  be  determined  by  the  principles  of  the  preceding  paragraph,  and 
illustrated  in  Fig.  328  («). 

The  shears  due  to  the  live  load  are  now  to  be  considered  alone. 
The  two  are  to  be  subsequently  combined. 

In  Fig.  328  (ft),  let  a  uniform  live  load  extend  from  B  to  the 
section   (7,  covering  the  longer  segment.     This  is  evidently  the 
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Fig.  328. 


position  of  moving  load  for  maximum  positive  shear  at  C,  since 
adding  loads  on  the  right  of  the  section  increases  the  left  reaction 
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B^ ,  and  consequently  the  positive  shear.  While  placing  a  load  to 
the  left  of  the  section,  although  it  adds  to  the  left  reaction  a  cer- 
tain portion  of  the  load,  the  entire  load  must  be  taken  from  the 
reaction  to  find  the  shear  at  C.  Therefore,  for  every  load  placed 
on  the  left,  more  is  lost  than  gained,  thereby  reducing  the  positive 
shear.  The  moving  load  must  reach  the  section,  but  not  pass  it  on 
the  left. 

With  the  load,  then,  in  the  position  as  shown  in  Fig.  328  (i), 
the  reaction  E^  and  shear  are  equal.    Then 

i?.  =  6'=  «,f-=-^)f-^  =§(/-.)-.     .    .    (515) 

This  is  the  equation  of  a  parabola  B'B^  with  vertical  axis  B'B, 

to  I 
for  a;  =  0,  and  <?  =  —-=:  AB^,  maximum  positive  shear.    For  the 

maximum  negative  shear,  the  left  portion  ^C>  must  be  fully  loaded, 
and  no  load  on  BC.    Then  the  shear 

^  =  —  i2,  =  —  wx^  =  10^9    ....    (516) 

which  is  the  equation  of  the  parabola  A'A^. 

If  the  straight  line  BE',  figure  (a),  represents  the  dead  load 
Bhears,  the  maximum  positive  shears  will  be  represented  by  the 
curve  DFE',  whose  ordinates  are  the  sum  of  the  ordinates  of  the 
straight  line  EE'  and  of  the  parabola  B^B\  This  line  crosses  A'B' 
at  F,  the  dead-load  negative  shears  to  the  right  of  this  point 
being  greater  than  the  live-load  positive  shears.  From  F  to  B' 
positive  shear  cannot  occur. 

Combining  the  ordinates  of  dead-load  shear  line  EE'  with  those 
of  the  parabola  for  negative  shears  A'A^  due  to  live  load,  and  we 
find  the  curve  EF'D'  for  final  shear  line.  This  line  crosses  A'B' 
at  F'y  giving  maximum  negative  shears  between  F*  and  B'\  no 
negative  shears  being  possible  between  F*  and  A\ 

Between  F  and  F^  both  kinds  of  shear  are  possible.  It  is  only 
necessary  to  find  the  maximum  positive  shears,  since  the  negative 
shears  are  equal  and  symmetrically  disposed. 

For  a  single  isolated  load  W^  the  maximum  positive  shear  at  C 
occurs  when  the  load  is  just  to  the  right  of  the  section,  and  is 


i?. 


.=^=r,(?^), (517) 
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which  is  the  equation  of  a  straight  line  B'B^^  Fig.  328(d);  and 
when  a;  =  0,  the  ordinate  A'B^  =  IT,. 

The  maximum  negative  shear  occurs  when  the  load  is  just  to 
the  left  of  (7,  and  is  ^^  vvj 

.,=.«.=_.!,         „c^^ 

and  is  represented  by  the  straight  ^ 
line  ^'J,,  Fig.  328(5).  ^ 

920.  With  two  equal  loads  W^  ^ 
and  W^  maintaining  a  constant  dis- 
tance a  apart,  Fig.  329,  the  maximum 
positive  shear  occurs  when  IT,  is  just 
to  the  left  of  the  section  (7.  For  the 
load  W^  the  shear  line  is  the  same, 
B'B^.  The  shear  line  for  the  load  TT,  is  found  by  obtaining  the 
left-hand  reaction,  viz.. 


Fig.  829. 


j?.  =  s.=  »r/— ^"^^^^ 


I 


(518) 


This  becomes  zero  for  a;  =  /  ^  a,  that  is,  for  the  point  F^  and 
would  obtain  its  maximum  for  a;  =  —  a,  that  is,  at  a  point  0  to 
the  left  of  J[',  where  it  becomes  S^  =  IT,,  and  the  shear  line  is  F^F, 
That  portion  to  the  left  of  H'  is  not  possible,  but  can  be  used  to 
construct  the  shear  line.  Adding  the  corresponding  ordinates 
of  the  lines  i^^i^and  B'B^,  we  find  the  total  shear  line  DEB\  If 
there  were  three  loads,  W^  would  have  the  same  position,  also  W^^ 
and  it  would  only  be  necessary  to  find  the  reaction  for  the  third 
load,  fT,.  Construct  the  shear  line  for  W^  as  for  W^^  combine  the 
ordinates  giving  the  total  shear  line  D'E'EB\  the  curve  approach- 
ing a  parabola  as  the  number  of  loads  increased,  as  the  condition 
would  approach  that  of  a  uniform  load.  The  total  negative  shears 
are  found  in  the  same  way  as  shown  below  the  line  H'B'  in 
A'EJ)'y  the  total  shear  line  for  two  loads. 

2H=  0,  or  that  equation  of  equilibrium  taking  in  consideration 
horizontal  components,  has  not  been  used,  as  all  external  forces 
have  been  taken  as  acting  vertically,  the  usual  condition  for  beams 
and  trusses. 

ANY  NtTMBER  OP  MOVING  ISOLATED  LOADS. 

921.  With  any  system  of  isolated  loads  on  a  bridge  the  reac- 
tions due  to  each  load  are  found,  and  the  sum  of  these  is  the  final 
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reaction  sought.    Assuming  any  number  of  loads,  w^ ,  w^,  w^,  etc.,  to 
w^,  to  be  on  a  truss^  the  known  distances  between  them,  a,  b,  c,  d, 


- L' £_.« 4«i 

I  ^ 

Fig.  880. 
etc.,  and  the  distance  of  the  rear  load  w^  from  the  nearest  point 
of  support  =  27,  as  in  Fig.  330.    The  reaction  R  due  to  all  of  the 
loads 

_  to^(a  +  b  +  C'\-d  +  etc.,  ...  +  x)    to^{b  +  c  +  d  +  etc.,  ...  +  x) 


H ^ — : j h  etc.,  +  -y-. 


(519) 


As  any  number  of  loads,  depending  on  the  values  of  a,  b,  c,  d, 
etc.,  may  rest  between  O  and  J9,  and  as  these  loads  are  supposed  to 
be  supported  at  the  panel  points  C  and  D,  if  m',  m",  w'",  and 
n',  n",  ^'",  etc.,  are  their  respective  distances  from  (7  and  D,  the 


w,n'  wjn,"  w.n'" 


portion  of  these  loads  resting  at  (7  will  be  -^— ,  — ' — ,  -- — ,  etc. 

Then  R  will  be  the  shear  at  any  point  between  A  and  C,  and  for 
any  point  between  C  and  D  the  shear  will  be 

=  5  =  i2-(^  +  !f^  +  eto.).  .    .    .    (520) 

If  the  loads  adyance  towards  the  left  by  a  yeiy  small  distance 
Axy  the  new  reaction 

^'  =  i2  +  («f, +  «;^  +  w,  +  eto.,-..  +  fP,)^-     •    (521) 


The  new  shear  will  be 

8. 
hence 


-K+tt'.+  etc.,)  — ; 
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S,  =  5+(tt;,+w,+w.+etc., . . . «;.)-— (w,+w,+  . .  .)y ;  (522) 

iS^.-fi'=^[(tt^,+w.+«;.+etc., . .  .+w^)^{w,+io,+  . .  .)^].   (523) 

If  this  difference  is  positiye  just  before  reaching  zero,  8^  will 
be  a  maximum.  Placing  it  (S^  —  8)  equal  to  zero^  and  making  - 
=  n  the  number  of  panels,  we  have 

n{w^  +  w,  +  ...)  =  *^i  +  ^«  +  ^a  +  ^^^*9  • . .  Wn.  .  (524) 
The  shear  in  any  panel  will  be  a  maximum  when  n  times  the 
load  it  contains  is  equal  to,  or  as  nearly  so  as  possible,  the  entire 
moving  load  on  the  bridge.  It  makes  no  difference  whether  the 
loads  on  the  panel  CD  are  w^  or  w^^  and  w^,  or  whether  the  loads 
w^  and  w^9  etc.,  haye  passed  the  point  (7,  and  w^  and  w^  are  resting 
on  that  panel,  as  it  can  be  shown  by  exactly  a  similar  process  that 

in  this  case  w(w,  +  w^ .  . .)  =  «?j  +  tr,  +  t£?,  +  ©tc»>  •  •  •  «^n>  or,  in 
other  words,  it  is  immaterial  where  the  head  of  the  moving  load 
may  be;  but  the  value  of  the  shear  will  then  be  the  reaction  dimin- 
ished by  the  sum  of  the  entire  loads  that  have  passed  to  the  left  of 
the  point  (7,  and  also  that  portion  of  the  loads  on  the  panel  in 
question  supported  at  the  point  C;  in  symbols, 

S  =  R-{w,  +  w^  +  etc.)  -  (^^  +  —  +  etc.).      (525) 

The  relation  in  eq.  (524),  n{w^'{-w^ . .  .)=^i+^t+^t+  ®*^m  ^ny 

is  then  general.     As  n  is  a  whole  number,    *     — S-Jl — Li '2 — ? 

w,  +  ^1  •  •  • 
must  also  be  a  whole  number.     This  will  rarely  be  the  case;  but 

by  assuming  that  one  of  the  weights  rests  at  a  panel  point,  we  can 

suppose  that  such  a  part  of  it  acts  on  the  two  panels  adjacent  as 

will  make  the  above  ratio  a  whole  number;   and  as  n\  w",  /»"', 

etc.,  do  not  appear  in  equation  (524),  we  can  always  take  one  of  the 

loads  as  resting  on  the  panel  point  at  the  rear  end  of  the  panel  in 

question.   The  value  of  the  shear  can  be  put  in  the  following  form: 

In  eq.  (520) 

\  p  p  p  I 

in  which,  substituting  the  value  of  R  from  equation  (519),  and 
expressing  n\  n'\  n'"  in  terms  of  a,  J,  c,  etc.,  which  is  easily 


4 

/ 
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—  -  ■  -  -  *■ 

done  by  reference  to  the  following  diagram.  Fig.  330(a),  taken 
from  Fig.  330,  »'  =  a  +  6  +  y,  7i"  =  J  +  y,  n'"  =  y,  y  being  the 
distance  in  the  diagram  between  the  wheel  concentrations  w^  and 
w^\  but  as  these  may  be  any  two  of  the  wheels,  we  may  call  them 
t^r^j.,  and  f^»,.     Mining  the  substitutions, 

8  =  j[{w,a  +  {w,  +  w,)6  +  {w,  +  tr,  +  w;)c  +  etc.,  • . . 

+  («^,  +  w,  +  w,)  +  etc.,  Wn)x]  -  l/p[{w,a  +  (w,+  «7,)J 

+  etc., .  • .  (w,  +  w,  +  etc., . . .  +  w^-Oy ] ; (526) 

t&Mi.i  being  the  rear  load  in  the  panel  in  question  and  to^  the  load 

y         \  that  is  placed  at  the  rear  extremity 

/.'.—*. — -^»?^^ — J  of  the  panel. 

''  i         r       ^^rrrj  ***•  ^he  position  of  moring  load 

'    j        I         I    \^  I  for  tKe  greatest  bending  moment  is 

V\      tPi       ^1 ^ijj[4 found  by  a  similar  course  of  reason- 

^        i    a    I     6    {    ]/     !  ing  as  in  determining  the  maximum 

»         '          *           »  shear.    Assuming  n^  loads  in  front 

Fig.  880  (a).  ^^  ^^^  ^^^^^  ^^  ^ig.  330,  and  y,  the 

distance  of  the  load  w„j  in  front  of  the  point  Z>,  Pig,  330,  about 
which  moments  will  be  taken,  the  moment  at  D 

=  M=^RxAD'"  [w,{a  +  b  +  c  i-  etc.,  +  yj 

+  ia,(b  +  C  +  etc., . . .  +  y.)  +  w,(c  +  y,)  +  etc., . . .  +  w.,)y,]. 

Make  AD  =  2,,  and  substituting  value  of  R  from  equation  (519), 
we  have 

^=^  f  [^^1^  +  (^^1  +  ^^»)^  +  (^1  +  ^t  +  ^y  +  etc., . .  • 
+  («^i+w,  +  «',  +  etc., .  .  .  w„)aj]  — w,a— (ttT,4-w,)6 
— (w,+w,+M?,)c— etc., . . .  —  (w,+w,+w,+etc., . .  .  w«,)y,.  (527; 

If  the  whole  load  moves  forward  by  the  small  quantity  J:r,  the 
new  moment 

M^  =  M+  yi^i  +  ^^t  +  ^1  +  etc., . .  .  w^)Jx 

—  (w;,  +  tt',  +  w,  +  etc., . .  .  w„)i^ic; 
ifj  —  Jf  =  Ja:   J  (Wj  +  w,  +  w',  +  etc.,  • .  .  wJ)Az 

-  {u\  +  w,  +  f^,  +  etc., . . .  fr„)  .. 
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Jfj— Jf  must  be  either  positive  or  zero  for  a  maximum.    Hence 

h  =  ^.  +  ^«  +  ^t  +  ^*^'>  ...+Wn,     ^         ^ 
I      w  4-  «^t  +  ^»  +  ®*c«>  •  •  •  +  *^»'    *    *    ' 

This  relation  will  rarely  exist  unless  k^,,  is  sapposed  to  rest  at 
a  panel  point  such  as  D;  and  such  a  portion  of  it  as  may  be  neces- 
sary to  produce  the  above  equality  is  supposed  to  rest  in  front  of  i>. 
Again,  for  any  condition  of  the  loading  the  greatest  bending  mo* 
ment  will  occur  at  that  point  or  section  in  a  beam  or  truss  where 
the  shear  is  zero.  If  the  shear  is  zero  at  jD  or  any  other  panel 
pointy  then  B  must  be  equal  to  the  sum  of  the  loads  tt'i  +  ^t  +  ^% 
+  etc., . . .  +  tt?,,,  and  equation  (528)  then  becomes 

I  "^  «^i  +  w,  +  w,  +  etc., . .  •  w^^     •    '    •     V      / 

or  the  centre  of  gravity  of  the  entire  load  is  at  the  same  distance 
from  one  end  of  the  truss  as  the  point  of  maximum  bending  is 
from  the  other  end,  which  is  equivalent  to  saying  that  the  centre 
of  the  span  is  at  the  middle  of  the  distance  between  the  centre  of 
gravity  of  the  given  system  of  loads  and  the  point  of  greatest  bend- 
ing. If  the  centre  of  gravity  of  the  wheel  concentrations  is  found 
by  the  method  explained  in  paragraphs  858  and  883  to  be  one  foot 
to  the  right  of  the  centre  of  the  span,  the  point  of  greatest  bending 
will  be  one  foot  to  the  left  of  the  centre.  The  application  of  thia 
principle  will  be  repeatedly  made  in  the  following  pages, 

923.  As  the  above  conditions  of  a  maximum  assume  that  w^^ 
rests  at  a  panel  point  where  the  maximum  bending  exists,  y,  in.  eq. 
(527)  becomes  zero,  and  hence 

3f  =  Y^vfi  +  (w^  +  w^b  +  (Wi+w,+w,)c  +  etc., . . . 

+  {w^  +  f^,  +  «^3  +  etc., . . .  +  w^x]  —  to^a  —  (w^  +  w^i 

—  (w,+tt7,+w,)c,  etc., .  .  .  {w^+w^+w^+  etc., . .  .  Wn,_Jy;  (530) 

y,  as  before,  being  the  distance  between  the  loads  tOni^i  &iid  Wn^, 

All  of  the  above  equations  apply  to  any  singlie  system  of  web 
members  in  which  there  is  one  vertical  and  one  inclined  member 
in  each  panel,  such  as  the  Howe  or  Pratt  trusses,  since  the  panel 
points  are  in  the  same  vertical  line  and  the  moments  are  the  same 
for  both  chords  about  any  panel  point  and,  in  fact,  for  all  members 
except  the  chord  stresses  in  the  loaded  chord,  when  the  web  is 
composed  of  all  inclined  members.    In  this  case  the  panel  points 
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in  either  chord  are  opposite  the  centre  of  the  panels  in  the  other 
chord.  The  general  formiil»  applicable  to  any  single  system  of 
web  bracing  will  be  found  when  we  come  to  discuss  the  Warren  or 
Triangular  Truss.  It  will  readily  be  seen  by  examining  equations 
(536)  and  (530)  that  both  the  shears  and  bending  moments  are 
expressed  in  terms  of  the  weights  multiplied  by  the  respective  dis- 
tances between  them.  They  differ  only  in  form  from  the  usual 
expressions  for  shears  and  moments.  The  only  unknown  factors 
are  the  Talues  of  x  and  y.  The  value  of  x  is  the  distance  from  the 
last  or  rear  load  and  the  nearest  point  of  support  B  on  the  right; 
and  the  value  of  y  is  the  distance  between  the  wheel  concentrations 
^^ni-i  ftDd  v\^y  as  iVn^  is  usually  at  a  panel  point;  y  is  simply  equal 
to  the  distance  between  two  of  the  wheel  centres,  and  is  therefore 
known,  x  is  easily  found  as  soon  as  the  position  of  the  front  wheel 
is  known.  All  loads  are  supposed  to  come  in  from  the  right  and 
move  across  the  span  towards  the  left;  the  terms  front  and  rear 
are  then  understood. 

CONOENTBATED   LOADS  AND  EQUIYALEKT  UKIFORK  LOADS. 

924.  Having  seen  the  general  method  of  determining  the 
stresses  in  the  several  members  of  a  truss,  both  in  amount  and 
kind,  under  any  condition  of  loading,  we  will  now  consider  the 
various  assumptions  and  suppositions  made  in  determining  the 
amount  and  distribution  necessary  to  give  the  maximum  stress  of  a 
particular  kind  in  each  and  every  member  of  a  railway  tnu^s. 

AMOUNT  AND   DISTRIB.UTION  OF  THE  DEAD   LOAD. 

925.  When  the  moving  load  rests  on  the  bottom  chords  and, 
consequently,  passes  between  the  two  trusses,  the  structure  i%  called 
a  through  bridge.  When  it  rests  on  the  top  chords,  the  entire 
structure  being  beneath  it,  the  structure  is  called  a  deck  bridge. 

926.  Deck  bridges  or  spans,  although  possessing  many  advan- 
tages, will  only  be  discussed  in  a  general  way  in  this  volume,  and 
then  mainly  in  respect  to  these  advantages.  The  essential  prin- 
ciples of  design  and  construction  are  the  same,  and  as  it  is  not 
intended  to  discuss  exhaustively  the  subject  of  bridge  construction, 
but  only  to  explain  clearly  the  principles  and  their  applications  so 
far  as  they  may  seem  necessary  to  be  understood  by  every  engi- 
neer, many  volumes  having  been  written  on  this  subject;  and  to 
these  the  special  student  in  the  design  and  construction  of  bridges 
ii  rjferred. 
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DEAD   LOADS^   OR  THE   WEIGHTS  OF  STRUCTURES. 

927.  The  weight  of  a  bridge^  although  essential  to  be  known  in 
calculating  the  stresses  in  its  members,  can  only  be  definitely  deter- 
mined after  the  structure  has  been  finally  designed.  The  probable 
weight,  therefore,  has  to  be  assumed,  or  approximately  determined 
by  means  of  some  empirical  formula  based  upon  the  actual  weights 
of  existing  bridges. 

The  dead  load  is  considered  as  uniformly  distributed  over  the 
entire  span,  and  commonly  as  concentrated  at  the  panel  points  of 
the  loaded  chord. 

Clearly  a  portion  of  the  panel  weight  of  dead  load  should  be 
taken  as  acting  at  the  panel  points  of  the  unloaded  chord.  In 
practice  this  division  of  the  load  varies  according  to  the  kind  of 
truss  used,  but  will  not  vary  far  from  two  thirds  of  the  panel  weight 
at  the  lower-chord  panel  points  and  one  third  at  the  upper-chord 
panel  points  of  the  truss. 

After  the  amount  and  distribution  of  the  load  are  determined, 
the  stresses  can  be  found  by  any  of  the  methods  already  explained  or 
by  those  developed  in  the  following  pages,  that  one  being  adopted 
^which  will  give  the  required  degree  of  accuracy  with  the  least  labor. 
But  not  that  one  which  requires  the  least  labor,  as  is  often  done,  re- 
gardless of  the  accuracy  of  the  results. 

WEIGHTS  OF  HIGHWAY   BRIDGES.       -^ 

928.  The  weight  of  a  highway  bridge  may  be  greater  or  less  than 
that  of  a  railway  bridge  of  the  same  length  of  span.  The  floor  sys- 
tem of  a  highway  bridge  varies  from  20  to  25  pounds  per  square 
foot  of  surface,  and  from  300  to  500  pounds  per  linear  foot,  accord- 
ing to  the  width  of  roadway  and  method  of  construction. 

The  following  formulsB  give  approximately  the  weight  (see 
Modern  Framed  Structures) : 

For  trusses  and  lateral  system  per  foot  of  length, 

Tf=  21  +  60,   , (531) 

to  which  must  be  added  the  weight  (800  to  500  lbs.)  of  the  floor 
system. 

The  live  load  on  a  highway  bridge  is  taken  as  anywhere  from  50 
to  130  pounds  per  square  foot  of  floor  surface,  or  from  800  to  2400 
ponnds  per  linear  foot  of  span.  For  specially  heavy  loads,  such  as 
road  engines,  it  is  necessary  or  advisable  to  employ  the  method  of 
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wheel  concentratioDS  to  determine  the  dimensions  of  floor-beams^ 
floor-beam  hangers^  etc.  Otherwise  in  highway  bridges  both  dead  and 
live  loads  are  commonly  considered  as  uniformly  distributed^whether 
covering  the  entire  span^  as  when  determining  maximum  chord 
stresses,  or  over  a  part  of  the  span  for  maximum  stresses  in  web^ 
members. 

WEIGHTS  OF   RAILWAY  BRIDGES. 

929.  Several  formulsB  have  been  devised  for  calculating  the 
weight  of  any  proposed  iron  or  steel  bridge. 

Mr.  Eankine  deduces  a  formula  expressing  the  proportion  of 
weight  of  structure  to  load.  This  formula  requires  the  determina- 
tion of  the  corresponding  quantities  connected  with  a  bridge  of  a 
similar  design  already  in  existence^  which  is  not  always  convenient 
to  obtain;  and  if  it  were  badly  proportioned  a  corresponding  defect 
in  the  proposed  design  would  result.  This  formula  is  therefore  of 
little  practical  value. 

Pegram^s  formulas  for  weight  of  iron  and  steel  strnctuses  are  as 
follows: 

8  =  length  of  span,  centre  to  centre  of  end  pins,  in  feet; 
1F=  total  or  shipping  weight  of  iron  or  steel,  in  pounds. 

For  iron  bridges  under  200  feet  span, 

W-{76  +  ^S  VS; (533> 

(Uniform  train  load  3600  pounds 
per  foot;  two  decapod  engin^  and 
tram ;  equivalent  concentrated  load 
30,000  pounds. 

{Pennsylvania  Ey.;  uniform  load 
2900  pounds  per  foot,  equivalent 
concentrated  load  25,000  pounds, 
f  N.  Y.,  L.  E.  &  W.  Ry.;  two  80- 
ton  consolidation  engines,  follow- 
ed by  uniform  load  of  2240  pounds 
per  foot. 

Cincinnati  Southern  Ry.;  two  69- 
ton  mogul  engines;  uniform  train 
^  load  1820  pounds  per  foot. 


a=   9.0     «    *'    0.  ^ 


a  =  12.0     "        M. 


FBAHBD  STBUCTUBES.  1029 


For  iron  bridges  over  200  feet  span^ 

»r=(5  +  f)s*, (534) 

in  which  ft  =  100  for  class  C,  ft  =  80  for  class  T,  ft  =  68  for  class  D. 
For  steel  bridges  over  300  feet  span, 

w=:cS*, (535) 

in  which  c  =  6  for  class  C,  6.7  for  class  T,  and  7.1  (about)  for  class 
D.  The  decapod  engine  in  the  above  formulae,  class  D^  has  135,000 
lbs.  on  five  pairs  of  drivers,  on  a  wheel-base  of  18  feet.  The  Erie 
Bailway  has  adopted  a  still  heavier  decapod  rolling  load  =  161,000 
lbs.  on  the  drivers. 

For  deck  spans  add  10  per  cent.;  for  double-track  spans,  90  per 
cent.  The  equivalent  concentrated  loads  of  30,000  lbs.  and  25,000 
lbs.  are  supposed  to  be  placed  at  those  points  on  the  uniform  load 
which  will  produce  maximum  stress  in  the  member  under  consider- 
ation ;  i.e.,  it  is  conceived  to  be  a  single  concentrated  load  rolling  on 
the  uniform  load. 

Such  formulsB  with  the  aid  of  experience  will  give  the  proper 
weight  of  the  structure  sufficiently  near  the  actual;  and  if  in  any 
case  the  assumed  weight  falls  short  of  the  actual  weight,  a  second 
^calculation,  with  a  weight  somewhat  greater  than  the  first  calculated 
weight,  must  be  made. 

Referring  to  the  five  methods  of  loading  described  in  the  next 
paragraph,  the  fifth  is  only  used  for  highway  bridges.  For  the 
.second  the  equivalent  uniform  load  is  often  used,  and  may  be  that 
which  will  produce  the  same  stresses  in  all  members  as  the  actual 
'Concentrated  loads,  if  this  were  possible,  but  it  is  not.  The  equiv- 
alent uniform  load  that  will  produce  the  same  chord  stresses  at  the 
centre  of  the  span  or  at  some  other  point,  say  the  point  one  fourth 
or  one  third  the  length  of  the  span  from  one  end,  will  give  practi- 
<;a]ly  the  same  chord  stresses  throughout  as  the  concentrated  loads, 
bnt  the  web  stresses  will  be  appreciably'  smaller.  This  method 
^onld  then  require  a  different  equivalent  load  for  chord  stresses 
:and  for  web  stresses. 

The  single  rolling  concentrated  load  would  seem  to  provide 
partly  for  this  difficulty. 

Other  engineers  place  the  concentrated  load  in  the  centre  of 
the  span,  and  others  again  at  other  points.   None  of  these  methods. 
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however,  give  as  satisfactory  or  reliable  results  as  the  actual  ^vbeel 
concentrations,  and  seem  to  have  mainly  the  purpose  of  saving  labor 
where  a  great  many  calculations  and  estimates  have  to  be  made,  and 
are  therefore  useful  and  convenient  for  the  bridge  companies,  bat 
are  of  little  value  to  the  ordinary  bridge  engineer,  as  they  are  all 
based  upon  and  derived  from  the  actual  wheel  concentrations. 
The  following  formulae  are  given  by  Burr  and  Johnson: 
If  I  =  the  length  of  span  in  feet,  to  =  dead  load  in  pounds  per 
foot  of  length,  then,  approximately, 

w  =  5l  +  350  +  400  pounds (536) 

51  +  350  pounds  includes  the  weight  of  the  two  trusses,  the  lateral 
braces  for  both  bottom  and  top  chord,  the  floor-beams,  stringers,  etc., 
or  all  of  the  steel  and  iron  in  the  bridge,  and  400  pounds,  which  in- 
cludes iron  rails,  guard-rails,  cross-ties,  spikes,  and  bolts.  This  lat- 
ter is  capable  of  being  calculated  for  any  particular  dimensions  of 
timber  ties,  guard-rails,  iron  rails,  etc.,  to  be  used.  The  above  for- 
mula is  for  the  weight  of  a  single-track  through-bridge  of  iron  and 
steel,  pin  connected. 

The  formula  for  the  Howe  truss  bridge  is 

w  =  6.5/  +  275  +  400  pounds.     .    .    .    (537) 

For  a  double-track  bridge  add  ninety  per  cent.  For  the  load  on 
each  truss  take  one  half  of  the  above  values  of  w. 
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930.  The  almost  universally  accepted  live  load  for  railway 
bridges  is  two  of  the  heaviest  engines  in  use,  coupled  togethei*  and 
followed  by  a  train  load  of  3000  pounds  per  linear  foot  uniformly 
distributed.  The  weights  of  the  engines  are  taken  as  concentrated 
at  the  wheel-bearings.  This  is  called  tlie  wheel-concentration  system 
It  is  about  equivalent  to  a  uniformly  distributed  load  of  40QO 
pounds  per  foot  under  engines  and  tenders,  that  is,  for  a  distance  of 
about  103  feet,  and  3000  pounds  per  foot  on  the  remaining  portion 
of  the  length  of  span.  While  this  is  not  the  exact  condition  of 
loading,  it  is  accepted,  being  as  near  to  it  as  is  practicable,  and 
gives  strains  at  least  equal  to  or  in  excess  of  those  which  conld 
occur  under  any  but  unusual  conditions. 
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The  labor^  howeyer^  required  in  calcnlating  the  stresses  has  led 
to  the  substitution  of  several  other  systems^  which  are  claimed  as 
giving  the  same  maximum  stresses^  or  as  conforming  better  to  the 
actual  conditions^  some,  however,  only  being  adopted  for  the  sole 
purpose  of  saving  labor.    These  are  as  follows: 

(1)  Two  concentrated  excess  loads,  placed  50  feet  apart,  and  at 
the  head  of  the  uniform  train  load  for  shears  or  maximum  stresses 
in  the  web  members,  and  in  the  middle  of  the  uniform  load  for 
bending  moments  or  stresses  in  the  chords. 

(2)  A  uniformly  distributed  excess  load  over  the  length  of  two 
engines  and  their  tenders,  that  is,  about  100  feet  in  length,  sup- 
posed to  rest  on  a  uniformly  distributed  load  at  its  front  end,  and 
used  for  calculating  both  shears  and  bending  moments. 

(3)  A  single  concentrated  excess  load;  which  simply  means  that 
the  span  is  to  be  covered  in  part,  or  wholly,  with  a  uniformly  dis- 
tributed load,  according  as  shears  or  bending  moments  are  to  be  de- 
termined; and  the  single  load  is  to  be  placed  at  that  point  on  the 
uniform  load  that  will  cause  the  maximum  stress,  which  would  be 
at  the  panel  point  in  question  for  both  chord  and  web  stresses, 
namely,  at  the  head  of  the  uniform  load  for  web  stresses,  and  moved 
from  panel  point  to  panel  point  for  chord  stresses,  the  uniform 
load  extending  over  the  entire  span  for  these  latter  stresses. 

(4)  The  use  of  a  given  uniform  load  in  determining  both  chord 
and  web  stresses,  but  in  the  middle  of  the  train.  The  uniform  load 
that  would  cover  a  given  span  space  is  supported  to  be  concentrated 
on  two  or  four  axles.  This  is  somewhat  like  the  general  method, 
the  actual  wheel  concentrations  being  at  ^he  middle  of  the  train  in- 
stead of  at  the  head. 

(5)  The  use  of  the  so-called  equivalent  uniform  load. 

All  of  these  systems  are  or  have  been  used;  but  the  more  con- 
servative engineers  still  require  the  general  or  wheel-concentration 
method,  from  which  the  five  substitute  methods  are  derived,  and 
to  which  it  is  intended  to  approximate.  It  may  be  therefore  regarded 
as  standard. 

931.,  Method  of  Equivalent  Uniform  Loads. —  An  equivalent 
uniform  load  is  one  that  will  produce  the  same  maximum  stresses 
in  all  the  members  as  is  caused  by  the  actual  wheel  concentrations. 
No  single  equivalent  uniform  load  can  be  found  that  will  do  this. 
Therefore  that  load  which  comes  nearest  to  doing  so  is  what  is 
cjommonly  called  the  Equivalent  Uniform  Load. 

It  is  not  uncommon  to  consider  that  the  equivalent  uniform  load 
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is  that  which  will  produce  the  same  bending  moment  and  chord 
stress  at  the  centre  of  the  span.  Calling  this  load  per  unit  of 
length  w,  we  know  that  for  a  uniformly  distributed  load  the  bend- 
ing moment  at  the  centre  of  the  span  is  a  maximum,  and 

M,  =  iwl* 537((i) 

It  is  found,  however,  that  a  closer  approximation  is  to  find  the 
bending  moment  for  the  uniform  load  at  the  quarter  point,  that  is, 
half-way  between  the  centre  and  the  end.    Calling  this  iT,  we  have 

if/  =  iwl'  -  ^wP  =  l^wl\  ....     537{>) 
and  in  the  two  cases, 

qo  =  -jf^,    and    70  =       „""  ;    .    .    .    .    (o38) 

which  give  the  equivalent  uniform  loads  per  foot  of  length  under 
the  respective  suppositions,  provided  we  have  already  determined 
the  bending  moments  at  the  centre  and  at  the  quarter  points  when 
the  span  is  loaded  with  the  actual  wheel  loads,  as  these  moments 
must  be  equal  to  M^  and  M/  respectively.  Having  found  w,  we  can 
find  the  moment  at  any  joint,  say  the  nth,  when  we  know  the  nnm- 

ber  of  panels  If  and  the  length  of  each  panel  -^.    Since  the  load 

on  each  panel  is  w-^,  the  total  load  =  — ^— ^ — -;  each  reaction 

=  — ^r — TT^ ;  its  distance  from  the  nth  joint  is  ^h  and  its  mo- 

ment*=  —  ^ — ^  -^;  the  number  of  loaded  joints  between  the 
end  of  the  span  and  the  nth.  joint  =  n  —  1;  number  of  panels 
=  (n  —  1)t^;  load  =  w{n  —  1)^;  the  distance  of  the  resultant 

from  the  nth  joint  is  i^-j^f  its  moment  is 
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Hence  resnitant  moment  at  the  nth  joints  the  end  joint  being  sero. 

This  is  only  a  general  application  of  eq.  (538)  (see  also  par.  916 
to  918)  to  finding  the  bending  moment  at  any  point,  using  panel 
loads  and  panel  lengths  instead  of  loads  per  foot  and  actual  lengths 
from  the  end  of  the  span. 

932.  When  the  maximum  shears  and  web  stresses  ai'e  to  be  cal- 
culated with  the  equivalent  uniform  load,  it  is  necessary  to  assume 
the  head  of  the  load  to  cover  the  longer  segment,  fully  loading  all 
joints  on  one  side  of  the  panel  in  question,  and  all  joints  on  the 
other  side  entirely  unloaded,  as  in  simple  beams. 

Under  these  conditions  and  assumptions  the  bending  moments 
4md  chord  stresses  will  agree  closely  with  the  results  obtained  by 
the  actual  wheel  loads,  w  being  found  from  eq.  (538)  (see  also  pal's. 
919  and  920);  as  will  also  the  web  stresses,  provided  ^^the  panel 
length  is  9Wt  less  than  one  eighth  of  the  span.  When  there  are 
more  than  eight  panels,  and  when  the  engine  loading  is  much 
^eater  than  the  train  loading,  the  shears  are  always  too  small.'' 
(See  **  Modem  Framed  Structures,''  by  J.  B.  Johnson.) 

The  expression  for  the  maximum  shear  in  any  panel  with  the 
equivalent  uniform  load  is,  using  same  notation  as  above,  as  follows: 

S.  =  ^(^-n)iy-n  +  l) (540) 

Mr.  Johnson  draws  in  substance  the  following  conclusions: 

(1)  That  the  uniform  load  with  a  single  moving  concentrated 
load  giv^  better  results  than  the  equivalent  uniform  load.  The 
results  for  chord  stresses  are  the  same  by  the  two  systems. 

(2)  That  the  equivalent  uniform  load  gives  very  much  too  small 
results  for  the  web  system  when  there  are  more  than  eight  panels. 

(3)  That  it  is  safer  and  better  to  compute  the  stresses  and  to 
^x  the  dimensions  of  both  truss  and  plate-girder  simplenspan 
bridges  by  employing  the  actual  wjieel  loads. 

(4)  .That  for  engines  very  much  heavier  than  the  train  loads 
the  actual  wheel  loads  should  be  employed  for  plate-girders,  string- 
•ers,  floor-beams,  and  hip  verticals. 

These  conclusions  are  based  on  comparisons  with  Cooper's  class 
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'^  Extra  Heavy  A'^  loading,  which  takes  two  locomotives  coupled 
together,  having  on  each  wheel  of  the  front  truck  8000  pounds,  on 
each  wheel  of  the  four  pairs  of  drivers  15,000  pounds,  and  on  each 
wheel  of  the  tender  9000  lbs.,  followed  by  a  uniform  load  of  150O 
pounds  per  foot. 


ART.   LI. 

APPLICATION  OP  THE  PRECEDING  PRINCIPLES  TO  THE  DESIGNINQ 
OF  SOME  OF  THE  SIMPLE  TIMBER  TRUSSES. 

933.  Timber  frames,  so-called,  may  be  either  entirely  built  of 
timber,  or  the  connections,  such  as  bolts,  pins,  nails,  straps,  and 
fish-plates,  may  be  and  usually  are  made  of  iron.  When,  how- 
ever, the  main  tension-rods  are  of  iron,  as  in  the  ordinary  trianga- 
lar,  trapezoidal,  and  Howe  truss  bridges,  the  trusses  are  properly 
called  combined  iron  and  timber  structures;  but  these  will  be  in- 
cluded under  the  head  of  timber  trusses,  as  this  is  the  common  con- 
struction for  both  highway  and  railway  bridges. 

The  following  drawings  show  the  usual  connections  for  timber 
tension  verticals  with  top  and  bottom  chords  of  the  all-timber 
trusses.  These  apply  alike  to  the  triangular,  trapezoidal,  Long^ 
and  Burr  trusses.  The  Burr  truss  is  the  Long  truss,  stiffened  by 
an  arch  rib  of  timber  springing  from  the  abutments  and  bolted  to 
the  members  of  the  simple  truss  at  all  intersections.  This  truss  has 
been  extensively  used  for  long  spans  in  bridges  for  highways. 

The  combination  of  the  truss  and  arched  rib  letids  to  ambiguity 
in  regard  to  the  distribution  of  loads  and  stresses  on  the  two  sys- 
tems; and  although  it  is  possible  that  one  or  the  other  may  have  to 
carry  the  entire  load,  each  necessarily  stiffens  the  others  thereby 
providing  a  greater  capacity  for  resisting  the  effects  of  the  load ;  and 
to  this  extent  at  least  it  is  safe  to  assume  that  under  all  conditious 
and  circumstances  each  system  will  carry  a  certain  portion  of  the 
load. 

In  Figs.  331  are  shown  the  usual  connections  between  the  choni 
and  web  members. 

In  all  timber  joints,  except  those  for  lengthening  struts,  and  to 
some  extent  in  these,  there  is  necessarily  a  sacrifice  of  the  areas  and 
strength  of  the  members  connected,  due  to  cutting  daps,  shoalders, 
bolt-holes,  etc.     In  the  figures  the  effective  areas  are  indicated  at  a. 
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In  figure  (a)  are  shown  an  end  view  and  side  view  of  common 
forms  of  joints  for  connecting  a  timber  vertical^  when  composed  of 
a  single  stick,  with  the  top  and  bottom  chords  and  inclined  web 
members.  Figure  (d)  shows  the  same;  the  long,  inclined  rods  are 
intended  to  give  lateral  stability  to  the  truss.    Figures  (b)  and  (c) 


'  Vx9,  Ca). 


Fia.  (c). 


Fio.  (d). 


Figs.  881. 


are  shown^  respect! velj,  as  section  and  side  view  of  these  connections^ 
when  the  verticals  are  composed  of  two  pieces,  the  chords  pass- 
ing between  and  shouldered  into  them.  Timber  joints  for  connect- 
ing two  stmts,  a  strut  and  a  tie,  and  two  ties,  will  be  illustrated  in 
the  trusses  given. 


TRIANGULAR  TRUSS  FOR  RAILWAY  AND  HIGHWAY  BRIDGES. 

934.  The  clear  width  between  the  trusses  will  be  16  feet;  the 
height  of  the  truss  at  the  centre  will  be  7.0  feet.  A  floor-beam  will 
rest  at  the  centre  of  the  span.  Longitudinal  stringers  will  rest  with 
one  end  on  the  end  supports  and  the  other  on  the  floor-beam.  A 
solid  floor  of  3-inch  oak  plank  will  be  spiked  to  the  stringers  (see 
Fig.  332).  The  moving  load  per  square  foot  varies  from  70  to  lOO 
pounds,  and  will  be  taken  in  this  example  at  100  pounds  per  square 
foot.  The  greatest  strain  on  all  the  main  members  will  occur  when 
the  span  is  entirely  loaded.  We  will  suppose  that  five  eighths  of 
the  load  rests  upon  the  centre  floor-beam.  Clear  length  of  span  3G 
feet.  The  total  load  will  then  be  30'  X  100  lbs.  x  16  ft.  =  48,000 
pounds,  and  the  dead  load  645  pounds  per  foot  of  length=30x  645 
=  19,350  pounds.  Hence  total  load  =  48,000  +  19,350  =  67,350 
pounds;  load  on  centre  vertical  CD  =  fx  67,350  =  42,095  pounds, 
divided  between  the  two  side  trusses;  load  on  each=21,048  pounds; 
area  required  for  iron  vertical  |^8H  ^  '^•^  square  inches;  one  rod 
IJ  inch  diameter,  or  two  rods,  each  1-^  inch  diameter.    In  the  tri- 
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^Bgle  ACD,  CD  =  7.0  feet,  DA  =  15  feet,  CA  =  16.5  feet.    Com- 

21048      16.5 


pression  AC ^ 


X 


=  24,807  pounds.    As  these  membeiB 


/ 


20 


should  not  exceed  a  certain  ratio  of  length  to  least  side,  ;>  =  2 
as  a  rule.     Substituting  this  in  the  formula  for  long  columns, 
P= = — ^,  we  have  P  =  1923  pounds  as  the  ultimate  reaist- 


1  + 


250  c/' 


ance  to  crushing  per  square  inch,  and  allowing  a  factor  of  safety  of 
6,  the  safe  unit  of  pressure  will  be  about  320  pounds;  hence  area 
required  for  ^4(7  and  BC  =  *ffP  =  77.5  square  inches.  We  conld 
use,  then,  one  piece  8  X  10,  one  piece  9  X  9,  or  two  pieces  4  x  10 
inches,  packed.  For  the  tension  on  the  tie-beam  AB  we  have 
AX|AA  X  V^  =  22,551  pounds.   For  safe  tensile  strength  1000  pounds 


Fig.  882. 

3)er  square  inch  is  allowed.  This  requires  yj^V  =  22.5  square 
inches  for  effective  area;  but  in  fitting  timber  structures  an  aUow- 
ance  must  be  made  for  boring  holes,  cutting  shoulders,  loss  of 
strength  when  two  or  more  pieces  are  to  be  connected  to  transmit 
tensile  stress,  etc. ;  and  a  certain  depth  is  required  to  prevent  sag- 
ging or  to  give  the  requisite  stiffness  when  the  unsupported  length 
is  as  much  as  10  to  15  feet.  We  will  then  assume  the  depth  to  be 
10  inches,  and  the  breadth,  for  convenience  of  construction,  should 
be  at  least  as  wide  as  the  strut.  The  bottom  chord,  then,  should  be 
one  piece  9  X  10  in.  X  33  feet,  or  two  pieces  4^  X  10  inches.  If 
single-length  pieces  cannot  be  secured,  three  pieces  4^  X  10  inches 
should  be  used,  to  allow  for  loss  of  strength  in  connecting  timbers  to 
bear  a  tensile  strain.  The  floor-beam  is  under  a  bending  action  due 
to  42,095  pounds,  uniformly  distributed  over  its  length,  16  feet, 
w  W7  =  n/'M",  m  =  ^,  TT  =  42,095,  /  =  16  X  12  =  192  inches,  n  =  f 
/=  1500  pounds,  d  =  16  inches,  hence  J  =  21  inches;  then  floor- 
beam,  two  pieces  10^  X  16  inches.  As  the  joists  are  spaced  1^  feet 
:spart  and  are  15  feet  long,  each  joist  would  carry  1^  x  15  X  100  = 
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31^0  ponndsy  aflsmning  d  =  12  inches  and  using  the  above  formula^ 
b  =  1.82  inches,  as  the  breadth  of  each  longitudinal  joist.  The^ 
above  calculations  have  been  made  on  the  basis  of  a  closely  packed 
crowd,  and  one  of  unusual  weight.  The  extreme  smaller  limits 
allowed  by  some  engineers  is  only  one  half  of  the  above,  or  50  pounds 
per  square  foot,  a  fair  average  being  75  pounds.  These  loads  would 
give  materially  smaller  dimensions.  If  such  small  loads  are  used  it- 
would  be  better  to  proportion  the  floor-beams  by  using  the  heaviest- 
loads  that  could  come  upon  a  pair  of  wheels,  which  might  reach  & 
tons,  or  5000  pounds  on  each  wheel.  Although  highway  bridges  are 
made  for  a  double  roadway,  it  will  rarely  happen — and  there  is  no 
necessity  of  its  ever  happening — that  two  such  heavy  loads  would 
meet  at  the  same  time.  Assuming,  then,  5000  pounds  on  each  wheel,, 
and  the  wheels  6  feet  apart,  the  maximum  bending  moment  would 
be  5000  X  5  X  12  =  i  X  1000  X  ^  X  (14)'.  .*.  b  =  9.2  inches,  or  a 
floor-beam  10  X  14  inches  for  a  roadway  16  feet  wide;  and  should 
be  used  if  it  is  greater  than  that  required  for  the  assumed  load  per 
square  foot  uniformly  distributed,  and  one  and  one-half  times  the 
above  dimensions  if  it  is  intended  to  allow  the  heavy  loads,  or,  more 

exactly,  10,000x7-5000x6=^X^^^^,t^^^^^\     .-.  ft=15.0  in.; 

floor-beam,  one  piece  15  X  14  inches,  or  two  pieces  7i  X  14  inches,, 
packed,  assuming  two  heavy  wagons  to  pass  directly  in  the  centre 
of  the  bridge  at  the  same  time.  When  two  pieces  for  any  one 
member  are  used  they  should  be  bolted  together,  with  packing- 
blocks  between.  Large  wrought  washers  should  be  used  at  the 
bottom  and  top  of  the  vertical  rods.  The  end  of  the  inclined  strut 
should  rest  against  a  shoulder  cut  in  the  tie  and  about  one  third  to 
one  half  the  depth  of  the  strut,  and,  in  addition,  a  bolt  should  pass 
through  the  strut  and  tie  obliquely.  The  shoulder  should  be  far 
enough  from  the  end  of  the  tie,  so  as  not  to  shear  off  by  the  press- 
ure, which  is  the  horizontal  component  of  the  stress  in  the  strut — 
which  in  this  case  is  22,551  pounds.  The  resistance  to  shearing 
along  the  grain  is,  for  oak,  from  752  to  2300  pounds  per  square 
inch,  and  for  pine,  from  200  to  600  pounds  per  square  inch,  by  dif- 
ferent authorities.    Assuming  600  pounds,  and  for  safety  150  lbs., 

IT 

1  =  :iT7n:>  ^  =  distance  of  shoulder  from  end  of  tie-beam  in  inches, 

loVo 

H=^  horizontal  thrust  in  pounds,  b  =  breadth  of  tie  in  inches, 
i?  =  22,551  pounds,  b  =  9.0  inches;  .*.  I  =  16.7  inches.     Generally 

2  feet  should  be  allowed.     Below  is  the  bill  of  material. 
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4  inclined  struts,  9X9    in.  X16.5  ft.=  446.0  ft.  B.M. 

2  pieces  for  bottom  chord,  9x10  "  X33.0  "  =  496.0  *' 

2      "       «  floor-beam,  10^X16  "  X17.5  "=  490.0  " 

28      «        "  joists,  2X12  "  X18.0  "=1008.0  " 

2      ''       "  guard-raas,  6x8    "  X30.0  '' -  240.0 

1  piece  for  lateral  stays,  6x10  «  X22.0  *'  =  110.0  " 

2  pieces  for  lateral  struts,  6x6    «  X  9.0  "  =  64.0    '* 
30  pieces  for  flooring  plank,  3X12  '*  X17.0  "=1530.0  " 

2   '  «        «  wall-plates,  6  X 12  "  X  17.0  "  =  204.0 

4578.0  "      « 

Allowing  4  lbs.  per  ft.  B.M.  for  oak,  we  have  4578x4=18,312.0  lbs. 
2  vertical  tension  rods  If  in.  X  8.5  ft.  =      119.0   " 

4  bolts  at  ends  of  struts  1  in.  X  2.0  ft.  =        22.0   « 

2  wrought  washers  1  in.  X  6  in.  sq.  =        20.0   " 

Spikes  for  guard-rails,  floors,  etc.  =      150.0   " 

Total  weight  of  bridge  =18,623.0   '' 

Weight  per  foot  of  length  =  -Mjftf*  =  621  pounds;  assumed 
weight,  645  pounds,  which  is  on  the  safe  side.  The  entire  struct- 
ure is  assumed  to  be  of  oak  or  southern  pine.  By  using  light  pine 
timber — which  weighs  from  3  to  3^  pounds  per  foot  B.M. — for  all 
parts  except  the  flooring  plank,  and  this  of  oak  2  inches  thick,  the 
dead  weight  per  foot  would  not  exceed  400  pounds.  The  cost  of 
such  a  bridge  should  not  exceed  $160. 

The  required  number  of  joists  would  only  be  twenty-two  pieces, 
but  it  is  well  to  double  three  or  four  of  the  joists  near  the  centre, 
as  well  as  near  the  outside,  of  the  roadway  to  support  the*heavy 
concentrated  loads.  Truss  members  of  smaller  dimensions  than 
the  above  are  often  used,  but  there  is  no  economy  in  so  doing. 
Diagonal  struts  and  rods  should  also  be  used  between  the  bottom 
chords  for  lateral  cross-bracing.  Simple  plank,  spiked  to  the  bot- 
tom chords  diagonally,  is  frequently  used  for  this  purpose  in  ordi- 
nary highway  bridges.  Spans  of  this  length  can  be  undertnissed, 
as  shown  in  Fig.  318  {a)  or  as  in  (h).  Such  struts  are  liable  to  be 
swept  away  by  the  accumulation  of  drift  or  ice,  acted  upon  by  a 
strong  current,  in  times  of  flood. 

The  flooring  plank  is  commonly  only  2  inches  thick;  sometimes 
two  courses  of  plank  are  used — the  lower  course  only  from  1  to  li 
inches  thick,  laid  diagonally :  this  increases  materially  the  lateral 
stiffness  of  the  structure. 
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936,  Timber  Triangular  Truss  for  Railway  Bridges. — Assum* 
ing  a  locomotive  of  the  type  shown  in  Fig.  342  (a),  we  can  get  on  a 
30-foot  clear  span  the  front  track,  15,000  pound;  the  4  pairs  of 
drivers,  96,000  ponnds,  and  1  pair  of  wheels  of  the  tender,  15,000 
pounds;  or  120,000  pounds  in  all. 

With  equal  weights  on  the  two  sides  of  the  centre  of  the  span, 
assuming  dead  load  at  800  pounds  per  foot,  or  24,000  pounds  in 
all,  and  taking  |  (120,000  +  24,000)  =  93,750  as  the  load  on  floor- 
beam,  then  on  each  vertical  rod  46,875  pounds,  each  vertical  ten- 
sion-rod CD  ("oTjTjTTJ  =  5.86  square  inches  (Fig.  332),  compression 

on  inclined  struts  CA  and  CB  =  — ^ —  ^  "~^  ==  50,312  pounds, 

50312 
requiring  =  158  square  inches;  and  for  the  bottom  chord 


46875      15        1 
2      -^7       1000 


=  50.2  square  inches. 


The  floor-beam  load  is  93,750  on  two  points  4'  8^"  apart,  and 
"weight  of  beam  is  700  pounds;  each  reaction  =  46,875  -f  350  = 
47,225  pounds.  With  floor-beam  18  inches  deep  the  required  breadth 
~  15  inches. 

For  the  struts  CA  and  CB,  1  piece  12  x  13.2  inches,  or  2  pieces 
9  X  10  inches.  The  area  of  50.2  square  inches  for  the  bottom 
chord  is  too  small,  for  the  reasons  stated  in  the  preceding  example; 
and,  moreover,  as  the  dimensions  of  the  floor  system  are  so  large,  a 
different  arrangement  of  the  floor-beams  is  advisable,  which  in  turn 
virill  aCect  the  dimensions  of  the  bottom  chord,  as  well  as  those  of 


"   ~  ft 


Pig.  882  (o). 

the  stringers.  It  is  better,  then,  to  use  a  series  of  floor-beams,  either 
resting  upon  or  suspended  from  the  bottom  chord.  Suspending  the 
floor-beams  by  means  of  bolts  has  the  advantage  of  economizing  in 
head-room,  but  it  does  not  give  as  steady  or  as  rigid  an  arrange- 
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ment.    Sometimes  the  floor-beams  are  placed  very  close  together^ 

in  which  case  the  rails  can  be  spiked  directly  to  them,  but  unless 

very  close  the  rail  will  be  too  heavily  strained.    A  better  arrange- 

ment  is  to  place  the  floor-beams  3  feet  centres  and  place  stringers 

upon  them.    The  clear  distance  between  the  trasses  is  14  feet  Fig. 

332  (a)  shows  the  two  positions  of  the  floor-beams.    The  chord  will 

then  be  in  the  condition  of  beams  supported  at  both  ends,  15  feet 

long,  and  loaded  at  intervals  of  3  feet.    It  will  be  safe  to  suppose 

that  the  fonr  drivers  rest  on  the  half  span  15  feet,  and  that  this 

weight  of  96,000  lbs.  is  equally  distributed  over  the  5  floor-beams  by 

the  stringers,  or  on  each  floor-beam    19,200  lbs.,  and  resting  ou 

each  chord  at  the  ends  of  the  floor-beam  9600  lbs.    The  reaction  at 

48000 
A  or  D  will  be  — r —  lbs.,  and  moment  at  centre  of  AD,  Fig.  332, 

will  be  ^^^  X  7.5  -  9600  X  6-9600  X  3  =  93,600  ft.-lbs.;  hence 

93,600  X  12  =  J  1500  X  ft  X  (15)'.  6  =  20  inches,  d  =  15,  bh  =  300 
square  inches,  to  resist  the  bending  moment,  to  which  must  be  added 
50.2  square  inches  to  resist  the  direct  strain,  making  350.2  square 
inches,  or  3  pieces  each  T^^x  15.6  inches.  For  the  floor-beams,  each 
may  have  a  pair  of  driving-wheels  to  support  24,000  lbs.,  or  12,000 
lbs.  resting  on  each  wheel  at  a  distance  of  7.0  —  2.5  =  4.5  feet  from 
end  of  floor-beam.  Greatest  moment,  12,000  X  4.5  X  12  =  648,000- 
in.-lbs.,  which  would  require  a  10  X  16  in.  beam,  in  which  case  a 
single  string-piece  8x9  inches  for  the  rail  to  rest  upon  would 
answer;  but  this  gives  a  very  large  floor-beam,  and  a  form  of  stringer 
rarely  used.  It  will  therefore  be  found  both  convenient  and  eco- 
nomical to  use  a  stringer  of  sufficient  dimensions  to  distribute  the 
load  of  12,000  lbs.  over  three  or  four  floor-beams.  If  distributed 
over  three  floor-beams,  the  above  moment  would  be -^^^'^o  =324,000 
in.-lbs.  =  1 1500  X  &+(14)\  b  =  6.6  inches;  the  floor-beams  then 
are  14  X  6^  inches.  With  an  unsupported  length  of  stringer  of  (> 
feet,  the  greatest  moment  would  be  ^o-i^  x  3  X  12  =  1 15006  = 
(12)'.  ,\b=  9  inches.  The  stringers  would  then  be  under  each 
rail  1  piece  9  X  12  inches,  or  two  pieces  4^  X  12  inches.  The  cross- 
ties  in  this  case  need  not  be  over  6x4  inches. 

936.  The  following  is  the  bill  of  material  for  a  single-track  rail- 
road bridge  30  feet  clear  span,  10  feet  high.  The  calculation  to  be 
made  on  this  height.  Triangular  truss.  Clear  distance  between 
trusses,  14  feet. 

4  vertical  truss  rods  5.86  sq.  in.,  each  l|f  ihches  diameter;  4 
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end  struts  each  11  X  12  inches  X  18.0  feet,  or  12  pieces  each  4|  X 
10  inches;  2  bottom  chords  each  3  piece?  7^  X  15  inches  X  33  ft.; 
10  floor-beams,  each  1  piece  6^  X  14  inches  X  17.5  ft.;  2  pieces  for 
rest  of  truss  brace  8X8  inches  X  8  ft.;  4  string-pieces  each  4i  X  12 
inches  X  33  ft;  30  cross-ties 4  X  6  inches  X  8  ft.;  4 guard-rails  6  X 
8  inches  X  33  ft. ;  2  pieces  for  lateral  truss  braces  6x6  inches  X 
12  ft.;  4  bolts  for  ends  of  inclined  struts,  1^  inches  diameter  2  ft.  9 
inches  long;  20  bolts  for  suspending  floor-beams  from  bottom  chords, 
1^^  inches  diameter,  2  ft.  9  inches  long;  20  bolts  for  fastening  string- 
ers to  floor-beams  f  inch  diameter,  2  ft.  5  inches  long;  60  spikes 
for  cross-ties  i  inch  X  10  inches;  60  bolts  for  guard-rails,  i  inch 
diameter,  12  inches  long.  Wrought  washers  from  ^  to  1  inch  thick, 
and  from  2  to  6  inches  square,  according  to  size  of  bolt.  For  cross- 
bracing  between  chords,  3  pieces  6x6  inches  X  14  ft.,  and  4  rods  1 
inch  diameter  and  23  ft.  long. 

From  the  above  the  number  of  feet  B.M.  of  timber  can  be  found, 
and  also  weight  of  iron,  as  in  preceding  examples.  The  cost  of  the 
structure  depends  upon  the  cost  of  the  material,  price  of  labor, 
etc.  Allowing  $30  per  1000  feet  B.M.  for  the  timber  and  6  cents  a 
pound  for  the  iron  will  give  a  close  approximation  to  the  cost  of 
the  completed  structure. 

937.  In  the  preceding  examples  we  have  entered  into  much 
detail  in  order  to  show,  first,  that  the  dimensions  of  the  parts  as 
determined  by  the  formula  are  necessarily  greatly  modified  by  the 
practical  requirements  of  construction,  and  how  and  for  what  rea- 
sons these  changes  are  made;  and,  second,  to  show  that  practical 
considerations  require  a  proper  adjustment  in  the  number  and 
arrangements  of  the  parts  so  as  to  avoid  heavy,  cumbersome  mem- 
bers in  some  portions  of  the  structure  and  too  light  and  flexible 
members  in  other  portions,  so  that  all  of  the  parts  may  be  pro- 
portioned, not  only  to  improve  the  appearance  of  the  structure, 
but  also  that  they  may  be  conveniently  framed  and  bear  fair  or 
proper  proportion  of  the  loads.  These  matters  are  purely  within  the 
province  of  the  practical  man  and  cannot,  from  their  nature,  be 
provided  for  in  theoretical  dimensions  or  be  embodied  in  formulse. 
Experience  and  experiment  can  alone  guide  in  these  matters.  This 
is  equally  true  of  small  and  large  bridges,  but  especially  so  of  the 
latter.  The  omission  of  a  seemingly  unimportant  plate,  bolt,  or 
rivet  may  endanger  the  safety  of  an  entire  structure,  no  matter 
how  carefully  and  fully  all  of  the  parts  have  been  proportioned  by 
a  long  and  thorough  calculation;  and,  on  the  other  hand,  unnec- 
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essarily  heavy  members  and  increased  n amber  and  size  of  boltSf 
plates,  and  rivets  may  be  found  necessary  theoretically  which  are 
not  necessary  in  fact,  owing  to  the  failure  of  theory  to  fully  provide 
for  the  proper  correlation  in  number  or  positions  of  the  parts  in 
respect  to  their  mutual  support  and  relief  of  each  other.  And 
it  cannot  be  too  often  stated  or  forcibly  impressed  upon  young 
engineers  especially,  that  any  effort  to  build  bridges  by  purely  theo* 
retical  considerations  and  formulae  will  almost  inevitably  end  in 
disastrous  failure.  The  theory  will  fail,  and  so  will  the  structure. 
038.  Taking  now  a  span  of  42  ft.  clear  width  between  trusses 
for  a  highway  bridge  and  14  ft.  for  a  railway  bridge,  divided  into 
three  equal  panels  of  14  ft.  each.  The  left  half  shows  details  for  a 
liighway  bridge  and  the  right  for  a  railway  bridge,  and  assuming 
weight  of  truss  at  600  lbs.  per  linear  foot  (see  Fig.  333).  For 
the  highway  bridge,  live  load  80  lbs.  per  sq.  ft.,  depth  of  truss 
10  ft.,  total  live  load  =  16  X  42  X  80  =  53,760  lbs.;  for  the  dead 
load  600  X  42  =  25,200  lbs.,  aggregate  =  78,960  lbs.  On  each 
of  the  two  trusses  =  39,480  and  on  each  vertical  =  39,480  X  0.367 
=  14,489  lbs.  Vfl'j^  =  1.81  sq.  in.,  or  2  rods  1^  in.  diameter,  for 
CD  and  C^D^ ,  Fig.  333,    This  load  is  transmitted  to  the  points  G 


Fig.  838. 


and  C,.     The  three  forces  acting  at  this  point  are  the  vertical  load, 

the  stress  in  C(7, ,  and  the  stress  in  the  inclined  piece  AC.    The 

triangle  A  CD  can  then  be  taken  as  the  force  polygon.    The  com- 

iD  14 

pression  in  the  horizontal  will  be  T  =  ^^  =  14,489  X  r^  == 

AC  17*^ 

20,285  lbs.  The  compression  in  i4(7=  C=  ^'^77=  14,489  X  -^  = 

•24,921  lbs.  But  clearlv  the  dimensions  obtained  from  the  above 
stresses  would  be  smaller  than  would  be  justified  in  practice,  and 
they  would  not  be  less  than  those  used  in  the  preceding  triangnlar 
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tmsSy  for  the  reason  there  given.  XJsnally  one  third  of  39^480  is 
taken  instead  of  0.367  of  39,480  as  the  load  on  the  verticals. 

The  eonnterbraces  CD'  and  CD  are  necessary  to  prevent  dis- 
tortion when  there  is  an  excess  of  load  on  one  side  of  the  centre 
over  that  on  the  other.  In  a  highway  bridge,  if  we  assume  that 
10,000  pounds  is  supported  at  D  by  the  two  trusses,  then  5000  will 
be  carried  by  one  truss  at  D.  Of  this  5000  pounds  two  thirds 
would  be  carried  by  -4(7  to  A,  and  only  one  third  to  A'  by  the 
counter  CD\ 

The  stress  on  CO'  =  i  x  5000  X  ^  =  2867  pounds;  or,  allow- 

ing  only  250  pounds  per  square  inch,  there  would  be  required  11.5 
square  inches,  or  one  piece  3x4  inches,  and  the  same  for  CD. 
Other  dimensions  can  be  fixed  by  proceeding  in  the  same  manner 
as  in  the  triangular  truss. 

939.  Considering  the  right-hand  half  of  Fig.  333  as  the  general 
design  for  a  railway  bridge,  a  uniformly  distributed  load  might  be 
used  if  we  only  knew  what  it  should  be,  but  we  would  have  to  use 
the  wheel  concentrations  in  order  to  determine  it  unless  we  hap- 
pened to  have  a  table  of  equivalent  loads  handy. 

•We  can  apply  eq.  (524),  namely,  n(w^  +  w^  etc.)  =  w^  +  w,  + 
w^  4~  ^^'9  ^«*  Assuming  that  the  front  truck  has  passed  Z),  we 
have  28  feet  from  D  to  A',  The  four  pairs  of  drivers  cover  141 
feet,  leaving  13}  feet,  which  will  leave  room  for  the  front  wheels 
of  the  tender,  covering  11.92  feet  (see  Fig.  342  (a) ),  the  rear 
wheels  being  to  the  right  of  A\  As  there  are  three  panels,  /i  ==  3. 
3  X  15,000  =  45,000  <  4  X  24,000  +  2  X  15,000  =  126,000  pounds. 

Moving  the  load  to  the  left  so  that  the  front  pair  of  drivers  has 
passed  the  point  D  sufficiently  far  to  bring  another  pair  of  wheels 
of  the  tender  on  the  bridge,  and  substituting,  we  have  3(15,000  4- 
24,000)  =  117,000  <  141,000  total  load,  which  still  does  not  satisfy 
the  condition  of  a  maximum;  but  by  placing  w^  at  D  we  can  con- 
sider 8000  pounds  as  acting  to  the  left  and  16,000  pounds  to  the 
right  of  D\  then  3(15,000  +  24,000  +  8000)  =  141,000,  which  does 
satisfy  the  condition  for  maximum  position  of  loads.  Then,  from 
«qna.  (519), 

R^  =  {w^  X  39.83  +  w,  X  31.75  +  w,  X  26.0  -f  w,  X  21.5+w.  X  17.0 
+  w,  X  9.92  +  w,  X  5.09  -f  «e?,  X  0.26)  -j-  42  =  74,680  pounds; 

and  the  shear  at  Z>  =  74,680  —  (w,  +  w^  =  35,680  pounds.     Or, 
;a8  will  be  shown  later,  the  maximum  floor-beam  load  will  be  when 
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the  two  adjacent  panels  are  (the  more  nearly)  equally  loaded^ 
which  will  be  when,  as  above,  w,  is  at  i> ;  then  the  reaction  at  D  will 
be  equal  to  (w,  X  0.17  +  w,  X  8.25  +  w,  +  w^X  9.5  +  w,  X  5.0) 
-4- 14  =  40,890  pounds.  As  this  is  the  larger,  we  will  use  it  Then 
on  each  vertical  tension-rod  20,445  pounds,  and  compression  on 
CO'  =  20,445  X  H  =  38,623  pounds  =  tension  onAA\  Compres- 
sion on  struts  ^(7  or  A'C  =  20,445  X  ^  =  35,778  pounda   With 

a  limiting  ratio  of  -r  =  20,  the  ultimate  resistance  to  crushing  per 

square  inch  is  ji?  =  r— — jjr-  =  1923,  and  320  lbs.  with  factor  of 

1  "I  iTir  X  400 
safety  6  pounds.     Area  of  strut  CO'  =  90  square  inches,  or  1  piece 
9  X  10  inches;  and  for  ^Cand  A'C,  1  piece,  10  X  11.2  inches. 

For  bottom  chord,  floor- beams,  stringers,  etc.,  the  same  considera- 
tions should  determine  their  arrangements  and  dimensions  as  in  the 
triangular  truss. 

With  the  condition  of  loading  just  employed,  find  the  reaction  at 
D\  The  difference  between  this  and  that  found  at  D  will  give 
excess  load  at  Z>,  from  which  the  stress  on  the  counters  can  be  found 
as  already  explained.  Assuming  the  load  to  come  in  from  the  left, 
with  the  first  or  second  driver  at  D,  also  find  the  reactions  at  D 
and  D\  and  compare  this  with  the  one  above  mentioned,  adopting 
the  greater  of  the  two  in  finding  stress  on  counterbraces.  The 
subject  of  counterbraces  will  be  fully  discussed  in  other  para- 
graphs. 

940.  Triangular  and  trapezoidal  trusses,  when  made  of  iron^ 
are  usually  of  the  deck  kind,  that  is,  Figs.  332  and  333  turned  up- 
side down,  in  which  case  for  the  same  length  of  spans  and  loads  the 
stresses  would  be  the  same  in  amount  but  of  opposite  kind  to  those 
found  in  theforegoing  examples.  The  tension  members  are  usually 
iron  eye-bars,  the  compression  members  are  usually  channels,  and 
the  connections  are  made  with  pins,  or  all  the  connections  may  be 
riveted.  The  truss  Fig.  333  can  be  converted  into  a  deck-bridge 
as  it  stands  by  extending  the  top  chord  and  supporting  its  endft 
over  the  abutments.  In  this  case  the  stresses  will  be  of  the  same 
kind  as  already  found. 

HOWB  TBU8S  BBIDGB. 

941.  The  distinctive  features  of  the  Howe  truss  are  tension  verti- 
cals made  of  iron;  all  other  members,  top  and  bottom  chords,  and 
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cliagonal  web  members  are  of  wood.  The  diagonals  are  in  compres- 
sion. 

This  truss  has  been  extensively  nsed  in  this  country  for  both 
liighway  and  railway  bridges  for  spans  np  to  200  feet  in  length, 
'especially  in  those  sections  of  the  country  abounding  in  timber, 
^he  framing  and  connection  of  the  members  are  simple,  and  it  can 
be  framed  and  erected  by  any  intelligent  and  skilful  carpenter.  For 
highway  bridges  timber  angle-blocks  are  commonly  used. 

As  the  diagonals  are  in  compression,  it  is  usual  to  make  the 
panels  considerably  shorter  than  in  the  Pratt  truss,  in  which  they 
are  equal  or  nearly  equal  to  the  depth  of  the  truss.  The  struts  are 
therefore  more  nearly  vertical,  and  in  better  positions  to  bear  a  com- 
pressive stress.  In  the  following  skeleton  truss  the  length  of  span 
is  taken  at  114  feet,  depth  of  truss  16  feet. 

It  is  common  to  adjust  the  panel  length  so  that  the  angle  which 
the  inclined  members  make  with  the  vertical  may  be  about  30°;  the 
tan  of  30°  =  0.577.  This  would  give  a  panel  length  =  16  X  0.577 
=  9.23  ft.     As  the  span  is  114  ft.^  there  will  be  12  panels  of  9.5  ft. 
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-each  =  114.0  ft.  Fig.  334  shows  this  arrangement.  It  is  only 
necessary  to  consider  one  half  the  span,  as  the  corresponding  mem- 
bers in  the  other  half  have  the  same  maximum  stresses.  Length  of 
span  114.0  ft.,  panel  length  =  9.5  ft.,  depth  of  truss  =  16  ft.,  clear 
width  between  trusses  =  12  ft.,  length  of  diagonal  =  18.6  ft.,  sec. 
0.1,  a  =  ^  =r  1.16,  tan  0.1,  a  =  ^  =  0.594.  Total  weight  of 
bridge  =  700  lbs.  per  foot,  and  for  each  of  the  two  trusses  350  lbs. 
per  lineal  foot.  Of  this  80  lbs.  X  9.5  =  760  lbs.  per  panel  will  be 
taken  as  concentrated  at  the  upper-chord  panel  points,  and  270  X 
9.5  =  2565  lbs.  at  each  lower-chord  panel  point.  Total  dead  load 
per  panel  =  3325  lbs.,  live  load  per  foot  for  each  truss  =  J-^,  and 
per  panel  =  4750  lbs.,  or  a  total  of  8075. 

The  shears  for  chord  stress,  rolling  load  extending  over  entire 
«pan,  are: 
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In  Oa,  1, 2 
"  ab,  2,  3 
«  be,  3,  4 
"  cd,  4,  5 
"  de,  5,  6 

"  ef,  fff 


5i  (8075) 44,413  lbs. 

(H    +  H)X  8075 80,750 

(10    +  3i)  X  8075 109,013 

(13i  +  2^)  X  8075 129,200 

(16    +  H)  X  8075 141,313 

(17i  +    i)X  8075 145,350 


i< 


u 


ti 


(€ 


if 


The  chord  stresses  =  shears  X  tan  of  inclination  =  0.594  =  0.6, 
nearly. 

Compression  1, 2  : 

2,  3  : 


tension  Oa  =  44,413  X  0.6 
«      ab  =  80,750  X  0.6 


26,647  lbs. 
48,450   " 


Compression  3,  4  =  tension  be 

"      cd 
"      de 


f< 

(C 


4,5 
5,6 


<€ 


6/  = 


109,013  X  0.60 
129,200  X  0.60 
141,313  X  0.60 

145,350  X  0.60 


65,407  lbs. 
77,520 
84,787 
87,210 


(( 


a 


u 


Find  now  the  shears  in  the  vertical  and  inclined  members. 
1st.  Due  to  the  dead  load : 


Shear 

in6/.- 

2,565     =  2,565  lbs 

(( 

"  6tf  = 

i(2,565)  +  380  =  1,663  " 

(( 

"  be  = 

1,663  +  2,565  =  4,228  « 

« 

"  bd  = 

4,228  +  760  =  4,988  " 

c< 

"4^  = 

4,988  +  2,565  =  7,553  " 

(€ 

a  4c  - 

7,553  +  760  =  8,313  « 

(( 

"  3c  = 

8,313  +  2,565  =  10,878  '' 

<C 

"  U  = 

10,878  +  760  =  11,638  « 

U 

"  2b  = 

11,638  +  2,565  =  14,203  " 

<i 

"  2a  = 

14,203  +  760  -  14,963  '' 

u 

"  la  = 

14,963  +  2,565  ~  17,528  " 

« 

"  01  = 

17,528  +  760  =  18,288  " 

2d.  Due  to  rolling  load : 


Load  at  g 

shear 

in7g  =  R 

a  ccg 

<c 

"  7f=R 

u       .f 

ii 

''  6f=  R 

"   "/ 

(C 

"  6e-  R 

«  '<  e 

a 

"  be  =  R 

«    U  g 

(C 

"  bd=  R 

5  X  4750  X  tV 

5  X  4750  X  ^y 

6  X  4750;  X  a 

6  X  4750  X  ^ 

7  X  4750  X  tV 
7  X  4750  X  A 


5,938  lbs. 

5,938 

8,313 

8,313 
11,083 
11,083 


(( 


ti 


u 


a 


u 
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Load  at  d  shear  in  4(i  =  iZ  =  8  +  4750  +  f^  =  14^50  lbs. 


« 


M 


t( 


U 


i( 


ti 


u 


d 
c 
c 
h 
b 
a 
a 


it 


ct 


i€ 


4i 


€€ 


tc 


tc 


4c  =  i?  =  8  +  4750  +  W  =  14,250 
3c  =  72  =  9  +  4750  +  A  =  V^,^^^ 
3J  =  ^  =  9  +  4750  +  ^  =  l'^»S13 
26  =  i?  =10+  4750  +  li  =  21,771 
2a  =  i?  =10+4750  +  \'i  =  21,771 
"  al  =  72  =11  +  4750  +  A  =  ^6,125 
"  01  =  J2  =11  +  4750  +  iV  =  26,125 


u 


« 


M 


a 


u 


(€ 


a 


(t 


u 


tc 


€i 


Stress  in  6/  =      tension 

"   66  =  compression 
"  5e  =      tension 
"  5df  =  compression 
"  4rf  =      tension 
"  4c  =  compression 
"  3c  =      tension 
«   Zh  =  compression 
"  26  =      tension 
"  2a  =  compression 
"  la  =     tension 
"  01  =  compression 


n 


ii 


u 


u 


i< 


ti 


it 


tt 


tt 


tt 


ct 


(2,565 +  8,313)=10,878: 

(1,663  +  8,313)   Xl.16 

(4,228  + 11,083) 

(4,988+ 11,083)  Xl.16: 

(7,553  +  14,260) 

(8,313 +  14,250)  Xl.16: 
(10,878  + 17,813) 
(11,638 +  17,813)  Xl.16: 
(14,203  +  21,771)- 
(14,963 +  21,771)  Xl.16: 
(17,528  +  26,125)- 
(18,288 +  26,125)  Xl.16: 


10,878  lbs. 

11,572 

« 

15,311 

it 

18,642 

it 

21,803 

tt 

26,173 

tt 

28,691 

tt 

34,163 

tt- 

35,974 

tt. 

42,611 

tt- 

43,65a 

tt 

51,519 

tt. 

On  the  connterbrace  7/  or  5/  the  shear  from  the  live  Ibadl  is 
5938  lbs. ;  the  shear  on  the  main  brace  6c  or  ^g  due  to  the  dead 
load  is  1663  lbs.  These  counterbraces  will  then  be  needed,  and  tha. 
stress  on  them  will  be  (5938  —  1663)  X  1.16  =  4959  lbs.  If  the  live- 
load  is  at  A,  the  shear  in  8^  =  /2  =  4  x  4750  X  \'i  =p  3958  lbs.  ia- 
Sff  or  4c.  The  dead-load  shear  in  bd  is  4988  lbs.,  which  being  the 
greatest,  these  counterbraces  are  not  required;  but  as  the  above 
shears  are  so  near  equal,  small  braces  are  generally  used,  but  no 
other  panel  towards  either  end  will  need  them.  The  dimensions 
can  now  be  determined:  Maximum  compression  on  top  chord 
87,210  lbs. ;  ^JP  =  ^''4.4  sq.  in.  4  pieces  4  X  11  inches  of  vary- 
ing lengths  80  as  to  break  joints.  Ends  cut  square  so  as  to  abut 
true  against  each  other.  The  cross-section  uniform  from  end  to 
end. 


Each  end  strut  01,  ^Hf^  =  1'^^  sQ-  ^^-f  3  pieces  5.25  x  11  in. 

Diagonal  strut  2a,  a||ji  =  142      "       3      "      4.4    x  11  " 

3ft,  Aj^  =  114  **  2  "  6.25  X  11 '' 
4c,  ^li^  =  88  "  2  "  4.0  X  11 " 
5</,  4U^=    62      «       2      "      4.0    X     8« 


tt 


tt 


tt 


tt 


tt 


tt 
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Gounterbrace  4e,                                    1  pieces  4.0  X    8  ** 

66,  mi^  =  38.6  sq.  in.,  2      '*  4.0  X    8  " 

5/,                                     1      ''  4.0  X    8« 

Vertical  tension-rod  la,  ^H^i  =  4.36  sq.  in.,  2  rods  l{l  in.  diam*  ' 

"  2J,  ?H^!4  =  3.6        «       2    "  H  « 

"        "    3c,|je+=2.9        "        2    «  If  " 

"  4d,  HfH  =  2.2        "        2    "  1^  « 

**  "        "   be,  \m^  =  1.54      «        2    «  1 

"   6/,  fJHf  =  1.1        "        2     "  J  « 


<«  << 


The  determination  of  the  dimensions  of  the  bottom  chord  will 
depend  upon  the  design  of  the  floor  system.  If  floor-beams  rest  at 
intervals  on  the  chord  between  the  panel  points,  it  will  have  to 
sustain  not  only  direct  tension,  but  also  a  bending  strain;  and  it 
must  be  proportioned  to  resist  both.  If,  however,  floor-beams  rest 
only  at  the  panel  points,  and  longitudinal  joists  are  used,  it  will 
have  to  resist  only  the  direct  strain.  It  is  safe  to  allow  1000  lbs. 
per  square  inch  in  tensile  strain,  but  owing  to  the  difficulty  of  con- 
necting timber  so  as  to  transmit  tension,  the  necessary  cutting  and 
framing  causes  a  waste  of  material  from  one  third  to  one  half;  we 
will  therefore  only  allow  a  unit  strain  of  500  lbs.  per  square  inch, 
and  the  bottom  chord  will  then  be  the  same  as  that  in  the  case  of 
the  top  chord,  viz.,  4  pieces  4  X  11  in.,  to  resist  direct  stress. 

To  determine  the  dimensions  of  the  floor-beam,  the  load  may  be 
considered  as  practically  uniformly  distributed  over  its  length,  and 
equal  to  a  panel  weight  of  the  floor  system  and  live  load.  The  floor 
system  will  weigh  about  20  to  25  lbs.  per  square  foot  x  12  =  9.5 
X  25  =  2860  lbs. ;  the  live  load  1000  X  9.5  =  9500,  or  a  total  of 
12,350  lbs.;  centre  moment  i  X  12,350  X  12  X  12  =  222,300  in. -lbs. 
=  iX  1000  X  ft  X  144  .-.  b  =  9.26,  or  2  floor-beams  each  6  X  12 
inches  at  each  panel  point.  These  can  be  placed  so  close  to  the 
panel  point  that  the  bending  action  on  the  chord  will  be  small,  and 
the  floor-beams,  6  X  12  inches,  will  be  ample.  At  each  panel  point 
hard- wood  angle-blocks  will  be  required  (Pigs.  335  (d)  and  («))  of 
these  forms.  The  top  chord-pieces  must  be  bolted  together  with 
about  1-inch  screw  bolts,  4  bolts  at  every  joint,  and  2  bolts  at  the 
centre  of  each  panel.  Packing-blocks  are  to  be  used  between  the 
chord-pieces,  about  1^-inch  thick,  at  all  bolts. 

In  the  bottom  chord  one  of  the  joints,  either  scarfed  or  with 
flsh-plates,  for  lengthening  ties  must  be  used,  and  additional  bolts 
between  the  joints  as  for  the  top  chord.    The  diagonals  simply  rest 
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against  the  angle^blocks.  The  vertical  rods  pass  between  the  chord- 
pieces  and  through  wroagbt-plate  iron  waahers  1  inch  thick,  4  iachee 
wide,  and  of  a  length  equal  to  the  breadth  of  the  top  chord.  The 
screw  end  of  the  rod  ehould  be  npeet,  so  that  the  actual  area  of  the 
rod  may  be  its  effective  area.     Cast  washers  are  commonly  used  for 


the  chord-bolts.  A  bolster>piece  should  be  bolted  to  the  bottom  of 
the  bottom  chord  at  the  ends,  6  inches  X  breadth  of  chord  and  5  or 
6  feet  long.  This  rests  directly  on  a  timber  vall-plate  composed  of 
3  pieces  10  or  13  inches  x  12  inches,  and  extending  under  both 
chords,  the  wall-plate  resting  under  masonry. 

Sometimes  the  iron  verticals  are  omitted  and  timber  tension  ver- 
ticals used,  called  king-posts,  the  diagonals  resting  against  a  shoul- 
der cat  on  the  vertical,  and  the  chord-pieces  let  into  daps  cat  in 
the  poets  2  or  more  feet  from  the  ends  and  fastened  by  bolts. 

For  spans  150  feet  or  more,  arch-ribs  are  used  in  connection 
with  the  regular  truss.  The  ribs  composed  of  two  pieces  6  X  14 
inches,  one  on  either  side  of  the  truss  and  bolted  to  it,  spring  from 
skew-backs  built  in  the  masonry  some  distance  below  the  ends  of  the 
bottom  chord,  and  riaing  at  the  centre  above  the  middle  of  the  depth 
of  the  trusses.    This  construction  is  called  the  Burr  Bridge.    In 
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such  a  combination  the  condition  of  the  strains  is  donbtful^and  the^ 
only  safe  plan  is  to  design  the  one  or  the  other  to  carry  the  entire 
load^  the  truss  stiffening  the  arch-rib  or  vice  versa,  and  support- 
ing such  a  proportion  of  the  load  as  may  rest  upon  it^  when  the 
combined  structure  assumes  a  condition  of  equilibrium.  For  a 
long-span  double- track  bridge  three  trusses  may  boused,  giving  two 
entirely  separated  roadways.  In  highway  bridges  the  dead  weight 
of  the  structure  is  so  great  that  complications  as  to  the  distribution 
of  the  live  load  between  the  trusses,  when  one  roadway  is  loaded 
and  the  other  not  loaded,  need  not  exist.  The  distribution  in  rail- 
way bridges,  however,  is  a  matter  of  importance.  The  reader  is  re- 
ferred to  Rankine's  "Civil  Engineering^'  for  a  discussion  of  this  sub- 
ject. The  Howe  Truss  bridge  is  used  to  a  great  extent.  The  bill 
of  material  for  the  above  bridge  can  be  easily  calculated  from  the 
above  determined  stresses.  If  any  member  is  very  long  the  allow- 
able unit  strain  must  be  determined  by  the  equation 

5000 


14-    1    / 
250  rf" 


P=  ,  ","""^ — ;-,  =  the  ultimate  crushing  load  in  lbs.  per  sq.  in., 

f -T  must  not  exceed  about  30  to  40,1 

or  by  the  straight-line  formulae,  equations  (130),  (131),  and  (132), 
par.  313. 

The  details  given  in  figures  335  (a),  (J),  {c),  (d),  and  (e),  and 
336  (a),  could  be  used  also  for  railway  bridges;  but  in  this  case  the 
angle-blocks  should  be  of  iron,  and  of  the  following  designs  (Figs. 
335^  a,  b,  and  c).    For  the  bottom  chord  the  timbers  are  connected 


^Tf.  ®p 


F108.  Oh  b,  e. 


•  •  • 


Flos<  d. 


5L 


sm 


Fro.  e. 


Fios.  885). 

by  iron  plates  with  projecting  teats  or  ribs  instead  of  wooden  key^ 
or  fish-plates,  and  iron  bars  connect  these  across  the  joint,  as  seen 
in  figures  d  and  e.  These  bars  have  sometimes  hook-shaped  ends, 
which  encircle  bolts  or  pins.  With  such  modifications  the  design 
of  a  railway  bridge  is  exactly  similar  to  the  above,  and  with  a  uni- 
formly distributed  load  the  method  of  determining  the  stresses  is 
identical.  The  resultant  stresses  are  very  much  greater,  and,  con- 
sequently, the  dimensions  of  the  various  members.  But,  as  before 
mentioned,  for  railwav  bridges  it  is  not  consistent  with  the  beet 
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practice  to  consider  the  rolling  load  as  uniform^  and  the  stresses 
should  be  determined  from  the  actual  wheel  weights  or  wheel  con> 
centrations  of  the  heayy  types  of  engines  now  in  use.  (See  Fig. 
342  (a).) 

942.  It  is  always  advisable^  when  stresses  are  calculated  as  in- 
the  foregoing  examples,  to  check  the  results  obtained  by  successive 
additions.  For  the  end  diagonal  0, 1,  Fig.  334,  the  shear  must  be 
one  half  the  load  on  the  truss,  no  matter  how  it  may  be  distributed ; 
hence  the  total  load  =r  114  X  1000  =  114,000  pounds,  and  on  each 
truss  57,000  pounds  due  to  live  load.    Total  dead  load  =  114  X  70O 

HALF  PUN  BOTTOM  CHOROi  AND  LATERAL  BRACIM 

T  T      ?  t  T  31  iT-t     Xr    Tt  "^ 


Fig.  386  (a). 


MRT  PLAN  8HOWINQ  ONI  FOtM  OF  FLOOR  aY8TEM. 


Fig.  886  (6). 

=79,800  pounds,  and  on  each  truss  39,900  pounds.  The  aggregate, 
57,000+39,900= 96,900  pounds.  Each  reaction  is,  then,  48,225  lbs. 
But  it  is  evident  that  one -half  a  panel  weight  rests  directly 
at  the  end  panel  point  0  =  4037  pounds;  hence  the  load  transmit- 
ted through  0, 1  or  its  shear  is  equal  to  48,225—4037=44,188  lbs., 
to  which  must  be  added  the  weight  of  0, 1  itself,  taken  at  one  third 
an  upper-chord  panel  load  of  the  dead  load  =  250  pounds,  nearly; 
hence  shear  in  0,  1=44,188+250  =  44,438,  and  compression  in  0, 1 
=  44,438  X  1.16  =  51,548  pounds;  whereas  the  actual  compression 
found  was  51,519  pounds — a  diflEerence  of  only  a  few  pounds.    This. 


•  •  •  • 
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is  a  useless  refinement,  and  a  cheek  agreeing  within  a  few  handled 
pounds  would  answer  every  purpose;  but  it  is  introduced  here 
merely  to  show  that  the  tabulations  of  the  shears  and  stresses  were 
jkccurately  made  for  the  assumed  distribution  of  the  load,  as  it 
oould  hardly  be  possible  for  errors  to  occur  in  any  part  of  the  table, 
which  was  formed  by  a  series  of  additions  commencing  at  the 
-centre  of  the  span  and  extending  to  the  end  of  the  truss,  making 
•each  term  depend  upon  those  preceding  it,  if  the  last  term  is  correct. 
The  chord  stresses  are  checked  by  taking  moments  with  respect 
to  any  section,  generally  cutting  the  centre  panel.  As  this  inTolves 
the  reaction  at  the  points  of  support,  we  simply  use,  in  case  of 
uniformly  distributed  loads,  the  general  expression  mWl  =  i(v^l)l 
=  T  X  d^;  wl  =  entire  load  on  each  truss;  I  =  length  of  span  in 
feet;  T=  tension  in  fg  or  ef,  centre  panels;  and  d  =  depth  of 
of  truss  in  feet.  In  the  present  case  wl  =  96,900  pounds;  /  =  lU 
feet;  d  =  16  feet;  then 

i  X  96,000  X  114  =  rx  16.    Hence  T=  86,302  pounds. 

Referring  to  table  for  horizontal  stresses,  stress  on  ef  =  87,210 
pounds. 

This  apparent  discrepancy  is  easily  accounted  for  by  observing 
that  the  multiplier — that  is,  the  tangent  of  the  angle  of  inclination 
d  in  Fig.  334 — ^is  taken  at  0.6,  whereas  its  actual  value  is  0.594,  which 
multiplied  by  the  shear  gives  145,350  X  0.594  =  86,338  pounds, 
only  36  pounds  greater  than  the  value  of  T  above.  The  multiplier 
is  only  =  0.59375  exactly,  which  would  make  the  agreement  exact 
The  tangent  of  the  angle  of  inclination  should  generally  be 
oarried  to  three  places  of  decimals.  Making  it  a  little  greater  than 
the  actual  value  errs  on  the  side  of  safety,  and  saves  some  labor^  and 
ioT  this  reason  it  was  made  0.6  in  the  above  example.  This  proves 
the  accuracy  of  the  table  for  chord  stresses.  It  will  be  observed 
that  compression  in  any  panel  in  the  upper  chord  is  equal  to  ten- 
sion in  the  lower-chord  panel  included  between  the  same  pair  of 
parallel  diagonals.  In  the  above  calculation  the  section  is  supposed 
to  be  taken  as  shown  in  Fig.  334,  88^ ,  cutting  upper-chord  panel 
5.6,  main  diagonal  6e,  and  bottom  chord  ef,  cutting  only  three  act- 
ing members,  as  the  diagonal  5/  being  a  counterbrace  does  not  act 
when  the  load  covers  the  entire  span;  and  by  taking  the  axis  of 
moments  at  the  panel  point  6,  the  moments  of  the  stresses  become 
IT  X  0  +  (7  X  0  -  T  X/.6  =  T  X  16.     By  taking  the  section  at 
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any  other  pointy  as  S^S^,  and  taking  moments  about  an  axis  at 
point  4,  the  moment  of  the  reaction  at  0  =  48,450  X  38'  =  1,841,- 
100  foot-pounds,  and  the  moment  of  the  load  on  Od  =  33,300  X  19' 
=  613,700  foot-pounds;  hence  T  X  IQ  =  1,841,100  -  613,700  --= 
1,227,400  .-.  T  =  76,713  pounds  tension  on  cd,  a  little  less  than  in 
table,  for  the  same  reason  as  given  above. 

The  greatest  stress  on  c4  is  found  when  the  rolling  load  reaches 
the  point  d,  its  reaction  r  at  0  =  14,250  pounds,  and  taking  mo- 
ments about  the  point  d  (Fig.  334),  as  the  moving  load  does  not 
extend  over  the  entire  span,  it  becomes  necessary  to  find  the  reac- 
tions due  to  the  dead  load  and  live  load  separately.  The  reaction 
due  to  the  live  load  being  r  =  14,250,  and  that  due  to  the  dead 
load  on  each  truss  being  one  fourth  of  the  total  load  =  114  X  700 
X  i  =  r  =  19,950  pounds  .-.  R  =  19,950  +  14,250  =  34,200 
pounds.  The  dead  load  on  the  truss  between  0  and  d  =  ^  j^  X  38 
=  13,300  pounds  =  w.  The  remaining  forces  are  the  stress  in 
3.4  =  H,  in  cA  =  (7,  and  c.d  =  T,  As  moments  are  taken  with 
respect  to  rf,  the  moment  of  T  is  zero.  Lever-arm  of  H  =  16  feet ;. 
the  lever  of  cA  is  nd  =  4.rf  sin  6^  =  16  X  0.5  =  8.0'.  Then  the 
equilibrium  of  the  moments  will  be  expressed  by 

iixy-wxy,  -//Xl6-Cx8  =  0. 

in  which  all  the  terms  are  unknown.  But  with  the  section  s^s^  at 
any  point  all  of  the  terms  can  be  found  directly  except  C;  hence  C 
can  be  found.  H  being  the  compression  in  the  top  chord  panels 
when  the  load  extends  over  more  than  one  half  the  span,  is  not  the 
maximum  chord  stress  as  found,  but  must  be  computed  indepen- 
dently for  each  position  of  the  moving  load.  With  the  load  at  d, 
the  reaction  r  =  14,250  lbs.  is  the  shear  due  to  the  live  load  between 
0  and  d.  Hence  in  each  panel  the  direct  stress,  or  rather  incre- 
ment of  stress,  is  14,250  X  0.6  =  8550  lbs.,  which  is  the  horizontal 
component  of  the  constant  compression  in  0,  1 ;  2a;  36,  due  to  the 
shear  r ;  the  accumulated  stress  in  3,  4  =  8550  -f  8550  +  8550  = 
25,650  lbs.;  the  accumulated  dead-load  stress  in  3,  4  is  13.5  X  3325 
X  0.6  =  26,933  lbs.,  which  is  the  continued  sum  of  the  horizontal 
components  of  the  compressions  in  0.1;  2a;  3d,  due  to  dead  load; 
.-.  compression  H=:  25,650  +  26,933  =  52,583  lbs.  In  the  present 
case  y  =  Oc?  =  38  ft.;  y^  =z  bd  =  19  ft.  Substituting  in  equa- 
tion (1), 

34,200  X  38  -  13,300  X  19  -  52,583  X  16  -  C  X  8  =  0. 
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Hence,        Compression  in  4(?  =  (7=  25,697  lbs.; 

=  26,173    " 


(t 


u    i< 


In  table  the  apparent  error  arises,  as  in  the  former  cases,  from  W 
being  about  200  lbs.  less  than  above,  or  13,100  instead  of  13,300, 
which  gives  C  =  26,173  lbs. 

If  we  take  a  section  s^s^,  cutting  the  npper  chord  4,  5,  lower 
chord  cd,  and  the  vertical  4d,  the  forces  would  be  the  reaction  R; 
the  load  on  0^,  compression  4,  5;  tension  4d  and  tension  cd  for 
equilibrium  — /?xy  +  wXy,  —  i/Xl6+  Fxy,  =  0. 

r  X  0  =  zero,  as  the  axis  will  be  taken  to  intersect  the  bottom 
chord.  Taking  axis  at  the  point  0,  y  =  0;  .'.  R  X  y  =  0,y^=Od 
=  38  ft.;  .-.  r=  21,190  lbs.,  in  table  21,803  lbs.  With  loads 
extending  over  only  a  part  or  even  the  whole  of  the  spans,  checking 
the  tabulated  stresses  in  diagonals  and  verticals  by  the  method  of 
moments,  as  seen  above,  is  somewhat  tedious.  The  first  method  of 
checking  these  stresses  is  simpler  and  more  satisfactory  (see  par. 
942.  The  above,  however,  is  introduced  to  show  the  application  of 
the  method  of  moments. 


IRONTRUSSED  BRIDGES. 
EYE-BARS  AKD   PIN-CONNECTIONS. 

943.  In  the  ordinary  truss  bridges  the  tension  members,  whether 
In  the  bottom  chord  or  web  system,  are  usually  made  of  flat  bars 


d\ 


PON 


Fig.  887. 


with  enlarged  heads  in  sets  of  two  or  more,  which  are  connected 
through  holes  or  eyes  in  the  heads  by  a  single  large  pin.  The 
greatest  care  is  necessary  in  designing  and  forming  these  heads. 

It  is  found  by  experiment  that  if  d  is  the  depth  of  the  bar,  its 
thickness  t  should  be  between  J  and  ^  d,  and  the  diameter  of  the  pin- 
-hole  D  =  0.75  to  0.8  d.    The  several  sections  of  the  head  on  radial 


DESIGNIlfQ  OF  SIMPLE  TRUSSES.  1055 


planes  from  the  centre  of  the  pin-hole  should  have  such  areas  that 
i^hen  the  eye-bar  is  tested  to  failure^the  fracture  should  be  as  likely 
to  take  place  in  the  body  of  the  bar  as  on  any  part  of  the  head.  The 
diameter  of  the  pin  should  be  equal  to  the  diameter  of  the  hole;  a 
variation  of  from  ^  to  ^^  of  an  inch  is^  however,  considered  excel- 
lent workmanship. 

When  the  eyebar  is  strained  the  pin  bears  on  a  surface  of  the 
wall  of  the  hole  of  greater  or  less  extent  near  z,  and  that  portion  of 
the  bar  is  under  direct  compression  and  extension.  Those  portions 
about  KC,  FC,  and  SO  and  corresponding  portions  on  the  other 
half  of  the  head  are  uuder  direct  tension  and  bending,  at  some 
points,  H,  where  there  is  a  point  of  contraflexure,  and  the  stress  in 
the  direction  of  the  circumferences  changes  from  compression  to 
tension.  Such  is  a  general  statement  of  the  nature  and  direction 
of  the  stresses  developed  in  the  head.  Many  experiments  lead  to 
the  following  proportions  of  the  various  sections  through  the  centre 
of  the  pinhole:  Let  R  =  radius  of  the  pin;  FF^  =  00,  =  0.66d,; 
OKLMN  is  a  semi-circumference  described  from  the  point  C7,  (so 
adjusted  that  ZL  =  0.87rf)  with  a  radius  =  i?  +  0.66d;  SD  is  a 
portion  of  the  same  curve  described  from  (7^  as  a  centre  ((7(7,  = 
C(7,);  SB  is  any  curve  of  a  long  radius,  so  as  not  to  reduce  the 
metal  area  near  SO  too  rapidly;  ABQX  is  a  part  of  the  body  of 
the  bar.  To  simplify  this  form  of  head  the  circumference,  or  that 
portion  from  FtoD  through  L,  is  described  from  (7  as  a  centre  with 
a  radius  =  i?  -f  0.8  (or  0.9)d,  C  being  the  centre  of  the  pinhole, 
the  portions  FSD  and  QO  formed  as  before.  The  head  should  not 
be  welded  to  the  body  of  the  bar.  The  thickness  of  the  head  is 
sometimes  made  greater  than  that  of  the  body  of  the  bar.  If  the 
simpler  form  of  head  is  used  FF^  =  00,  should  be  O.Sd.  The  only 
-objection  to  increasing  the  thickness  of  the  head  is  the  increase  in 
the  bending  action  on  the  pin,  as  this  bending  action  is  very  great 
under  any  circumstances. 

944*  The  diameter  of  the  pin  is  found  from 

y         32  8    ' 

"hence 

-,      ZZM        32Jf  ,  »/¥ 

'^=■^  =  3-14^'    .-.^  =  2.17^7,.    .    (541) 

^  being  the  modulus  of  rupture.    The  bending  moment  M  depends 
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upon  the  magnitude  and  direction  of  the  stresses  upon  the  members 
connected  by  the  pin. 

Pins,  like  rivets,  are  subjected  to  direct  shearing  and  bending^ 
action,  and  moreover  their  diameters  are  determined  by  the  bearing 
resistance  of  the  walls  of  the  hole  in  contact  with  them. 

There  will  always  be  sufficient  resistance  to  shearing  when 
either  of  the  other  requirements  are  satisfied. 

But  its  diameter  to  resist  shearing  in  any  case  can  be  fonnd. 

If/ is  the  coefficient  of  resistance  to  tearing  and  /,  to  shearings 

then/,  =  I/or  0.80/ (nearly).    If  A  and  A^  are  the  areas  of  tbfr 

bars  and  pin   respectively,  then  in  single  shear  fA  —  f^A^  or 

fA        6 
A^  =  "^  =  —  -4.   Knowing,  then,  the  area  of  the  bar  acting  on  the 

pin  on  either  side,  the  area  of  the  pin  must  be  1.2  times  greater; 
or  if  n  bars  act  in  one  direction  and  w  +  1  in  the  other,  then  there 
would  be  2n  sections  to  be  sheared,  or  total  area  sheared  =  2nA^  = 

2w  -—  =  1.5708wer  =  -  -4  ;   A  being  the  total  area  under  direct 

tension  of  the  bars. 


Eq.  (542)  is  of  small  moment  so  far  as  pins  are  concerned,  but 
is  useful  in  case  of  rivet  diameters.  For  the  proper  diameter  to 
give  sufficient  bearing  surface  on  the  plates  or  bars  the  area  of 
bearing  surface  is  assumed  to  equal  the  diameter  of  rivet  or  pin 
multiplied  by  the  thickness  of  the  bars  or  plates  —  di\  or  if/  be 
the  coefficient  of  bearing  resistance,  then  total  resistance 

R=f^dt  . (543> 

/  =  lA/ioT  wrought  iron  and  1.25/ for  steel  in  thin  plates,  and 
for  thick  plates  in  wrought  iron  1.25/ 

Taking  /  for  wrought  iron  at  40,000  lbs.,  and  for  steel  plates 
when  thin  75,000  lbs.  and  when  thick  60,000  lbs.  per  sq.  in., 
knowing  R  and  /,  and  assuming  either  d  or  /,  the  other  can  be 
found.  The  above  values  for /are  ultimate  values;  the  working 
values  should  be  not  more  than  from  \to  }  ot  the  ultimate  resiet- 
ances.  With  thicker  bars  and  plates  d  would  be  correspondingly 
small.    But  increase  in  thickness  of  bars  increases  greatly  the^ 
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bending  action.  Thick  bars  are  then  to  be  avoided.  In  addition 
thick  bars  have  a  smaller  ultimate  resistance  than  thinner  ones. 

946.  We  will  now  find  the  bending  moment  M  in  eq.  (541)» 
The  eye-bar  and  pin-connection  joint  usually  occur  in  trussed 
bridges,  both  in  the  top  chord  and  bottom  chord.  Fig.  338  (a) 
shows  a  side  view  of  an  ordinary  joint  in  the  bottom  chord  of 
trussed  bridges.  Fig.  338  {b)  shows  horizontal  projection  of  the 
same. 

There  are  several  bars  in  the  adjacent  panels  forming  the  ten;* 


Fig.  338(a)- 


Bottom  chord 


oc 


> Pr^rrrjEC-tJi-JI 


V 

Crntr*  LId* 


>3__  of JPIn  __"^T 
^^^IG.  338(b). 


sion-bars  of  the  bottom  chord,  and  inclined  or  diagonal  members 
ordinarily  composed  of  two  main  bars  on  one  side  and  of  two 
Gounter-rods  on  the  other.  These  counters  do  not  act  under  maxi* 
mum  conditions  of  stress,  and  will  not  be  considered  as  under  strain, 
but  being  in  position  they  affect  the  lengths  of  the  lever-arras.  Also, 
there  is  a  vertical  member  or  strut,  either  resting  directly  at  tho 
centre  of  the  pin,  or  at  points  on  either  side  and  equally  distant 
from  the  centre.  It  is  evident,  since  all  members  are  symmetrically 
situated  on  either  side  of  the  pin  centre,  that  it  is  only  necessary  to 
consider  one  half  of  the  pin,  which  can  then  be  considered  as  abeam. 
fixed  at  centre  of  the  pin  or  at  the  bottom  of  the  vertical,  the  maxi- 
mum bending  moment  in  either  case  being  the  same.  Sometimes  it 
can  be  seen  by  inspection  that  the  maximum  bending  moment  is  at 
the  foot  of  the  pin-plate  F,  or  centre  of  the  pin.  But  often,  if  not 
generally,  it  will  be  necessary  to  find  the  bending  moment  at  sev- 
eral points.  Let  H,  i/,  H  be  the  horizontal  pull  on  the  bottom- 
chord  bars  in  the  panel  to  the  left  of  the  pin,  and  H^y  H^  that  on 
the  right;  H^  the  horizontal  component  of  the  tension  in  the  diago- 
nal G^  =  T'  sin  6,  and  F,  its  vertical  component  =  T  cos  ^  =  F, 
the   compression  on  the  vertical.    Then  the  pulls  to  the  right 
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will  be  H,yH,,  and  Tsiu  tf;  those  to  the  left,  H,  H,  and  H.  The 
yertical  stresses  are  tension  =  T  cos  9;  and  V,  compression  in  the 
yertical.  Equilibrium  requires  Tcos  ^=  Fj  =  Vy  ^nd,  U  +  U •\' 
jy  =  ^,  +  -^x  +  -£?,( jTsin  0).  If  c,  c',,  {?„  c,,  etc.,  be  the  distances 
from  centre  to  centre  of  the  thickness  of  the  bars,  Fig.  338(d),  and 
assuming  that  the  centre  of  pressure  between  any  eye>bar  and  the 
pin  is  at  the  centre  of  thickness  of  the  eye-bar,  which  is  approxi- 
mately true,  we  can  either  find  by  the  principle  of  the  centre  of 
parallel  forces  the  position  of  the  resultant  of  all  of  the  horizootal 
forces  or  the  resultant  couple,  and  thence  the  bending  moment  at 
any  point  of  the  pin,  or  we  can  take  the  algebraic  sum  of  the 
moments  of  the  tension  on  each  bar  with  respect  to  any  axis,  and 
the  same  for  the  vertical  stresses.  It  will  probably  be  better  to 
find  the  resultants  by  the  first  method  if  the  point  of  greatest  bend- 
ing  is  known,  otherwise  use  the  second  method.  By  this  latter 
method  we  have  the  following  moments: 


About  5  =  Jf 

u 

c=« 

€< 

Z)=  « 

ts 

E  =  *' 

« 

F  =" 

4i 

6?  =  « 

<* 


V=M= 


He, 

H(e  +  c,)  -  ff,e,; 

H{c  +  c,  +  2c.  +  2e.) 

-if.(c.  +  c.  +  2c,); 
H{c  +  c,  +  2c,  +  2c,  +  3c.) 

-i7,(c,  +  c,  +  2c.  +  2c,); 

H{c  +  c,  +  2c.  +  2c,  +  3c.  +  3c,) 

-  HXc,  +  c,  +  2c.  +  2c.  +  2c.) ; 
H{c  +  c,  +  2c.  +  2c.+  3c,  +  3c.  +  3c.) 

-ir.(c.  +  c.+2c.+2c.  +  2c.  +  2c.) 

-  ■ff.c.- 


*■   . 


(544) 


The  values  of  Cy  c^y  c^,  etc.,  are  the  half  suras  of  the  thicknesses 
of  the  adjacent  bars,  increased  by  the  necessary  clearance  between 
them,  which  may  vary  from  iV  ^^  i  inch.  In  the  above  the  total 
tension  on  each  of  the  bars  on  one  side  of  the  panel  point  is  supposed 
to  be  equal,  and  equal  to  H.  If  they  vary,  the  first  term  in  the  above 
equations  (543)  would  consist  of  two  or  more  separate  expressions. 
Por  moments  about  Fwe  would  have,  calling  If,  IPy  H"  the  pulls, 

moment  about  V  =  H(c  +  c,  +  c,  +  c,  -f  c^  +  c^  +  c,) 

+  ir(c,  -f  (?.  +  c,  +  c.  +  c.)  -f  ir'{c,  +  c.  +  0. 
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And  similarly  for  the  second  term : 

Moment  about  F  =  —  ^,(Cj  +  <?,  +  ^s  +  ^«  +  ^i  +  O 

Moment  aboat  F  =  —  H^c^ 

for  the  third  term;  and  the  sum  of  these  terms  would  be  the  result- 
ant moment. 

The  above  forces  being  in  a  horizontal  plane,  their  moments  are 
taken  about  a  vertical  axis.  The  only  vertical  forces  aj'e  the  com- 
pression in  Fand  the  vertical  component  of  the  tension  in  G;  these 
are  equal  and  in  opposite  direction,  and  hence  form  a  couple  whose 
cioment  is  about  V,  Fig.  338(^),  Tcos  ^  (=  F,  =  F)  X  c,  =  i/, ,  and 
is  about  a  horizontal  axis;  hence  the  resultant  moment  in  eq.  (1) 


=  M=i^M,'  +  M,' (545) 

By  the  first  method,  referring  to  Pig.  338(&),  we  have  three  bars, 
-A,  Gy  E,  under  tension  on  the  left.  Their  resultant  would  be 
Jl  -\-  H'  +  H"  if  unequal,  or  3// if  equal;  and  two  bars  on  the 
right,  H^  +  /T/,  if  equal;  and  the  horizontal  component  //„  the  re- 
sultant of  these,  •=  H^  +  -ff/,  or  2H^  +  H^=:  E  also.  Hence  the 
resultant  moment  M^  =  R  x  I,  I  being  the  distance  between  the  two 
resultants,  the  moment  of  the  vertical  forces  remaining  as  before, 
Jf»  and 


M=Vm;  +  M,\ (545fl) 

as  before. 

If  the  other  half  of  the  pin  was  considered,  the  bending  moments 
at  corresponding  points  would  have  been  the  same. 

It  is  sometimes  convenient  to  find  the  bending  moments  graphi- 
cally. In  this  case  the  stress  in  the  diagonal  G  is  not  decomposed 
into  its  components. 

As  was  seen  in  Art.  XXII,  par.  203,  a  moment  can  be  represented 
by  a  straight  line  in  position,  magnitude,  and  direction,  the  line 
being  drawn  perpendicular  to  the  plane  of  the  couple  in  such  a 
manner  that  looking  along  the  line  towards  the  plane  of  the  couple 
the  moment  of  the  couple  shall  be  right-handed.  In  par.  945,  Figs. 
338  (J)  and  (a)  represent  the  relative  position  of  the  several  members 
connected  at  a  lower-chord  joint  of  a  Pratt  truss,  and  situated  at  the 
right  of  the  centre  of  the  span.     The  several  stresses  acting  as  in- 
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Fig.  339. 


dicated  by  the  arrows,  as  in  this  case,  the  resultant  tension  of  all  of 
the  horizontal  forces  acts  to  the  left,  and  taking  moments  about  the 
foot  of  the  vertical  V,  a  vertical  line  will  represent  the  moment 
But  in  order  that  the  moment  may  appear  right-handed,  it  will  be 
necessary  to  view  it  from  below;  then  drawing  a  vertical 
line  to  represent  to  any  scale  the  magnitude  of  the 
,B  moment,  and  acting  upwards,  it  will  represent  the 
moment.  The  moment  of  the  tension  in  G  must  be 
taken  about  an  axis  perpendicular  to  the  plane  of  the 
couple,  and  this  must  be  viewed  from  above  to  appear 
right-handed  about  an  axis  at  V;  hence  drawing  a  line 
perpendicular  to  O,  and  to  same  scale  as  the  vertical  line, 
it  will  represent  the  moment  of  the  stress  in  G.  The  moment  of 
the  vertical  stress  Fis  zero;  hence  the  closing  line  of  the  triangle 
BO  will  represent  the  resultant  moment  to  the  same  scale. 

In  figure  339,  OA  represents  moment  of  horizontal  forces,  AB 
moment  of  stress  in  diagonal,  and  CB  resultant  moment. 

946.  For  joints  in  the  upper  chords  of  trusses  the  principle  is 
the  same.    The  pin  there  passes  through  the  webs  of  the  channels  or 
sides  of  the  box  beams  forming  the  chords,  the  verticals  and  diago- 
nals being  connected  to  the  pin  between  the  sides  of  the  chord. 
Moments  are  then  found  by  considering  the  pin  as  a  beam  sup- 
ported at  both  ends  and  loaded  at  intermediate 
points.     Fig.  340  shows  this  condition.    The  great- 
est bending  moment  would  be  anywhere  between 
the  inside  pieces  a  and  b.     In  this  case  it  will  not 
be  necessary  to  find  the  reactions  at  the  supports 
of  the  pin,  as  it  is  symmetrically  loaded  with  equal 
forces   on  each  side  of  the  centre.     If  the  pin 
plates  V  are  outside,  the  diagonals  G  on  the  inside, 
then  the  moments  of  the  horizontal  forces  will  be 
T  sin  6{c  +  c,)  =  Jf,  and  of  the  vertical  forces  T  cos  &{c  +  c^)  — 
v{=  T  cos  6)c  =  T  cos  dc,  =  M^ ;  .-.  Jf=  \^M^^+M^\  as  before.   A 
diagram  in  every  way  similar  to  339  will  represent  this  case  graphi- 
cally.  A  horizontal  line  would  represent  the  moment  of  the  stress  on 
the  vertical,  an  inclined  line  perpendicular  to  the  diagonal  would  rep- 
resent its  moment,  and  the  closing  line  BC  the  resultant  moment. 
Often  at  the  upper-chord  joints,  as  in  the  Warren  or  triangular 
truss,  where  two  main  diagonal  members  meet  and  also  a  vertical 
suspending-rod,  and  always  where  the  end  posts  rest  against  the 
top  chord,  there  will  be  two  inclined  members,  one  under  compres- 
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sion  and  one  under  tension,  with  the  Yertical  suspending-rods  or 
bars.  In  these  cases  the  moment  polygon  will  have  four  sides, 
constructed  as  follows:  Fig.  341  shows  a  skeleton  sketch  of  the 


Fig.  841.  Fig.  841(ft). 

joint  and  Fig.  341  (b)  the  moment  polygon.  The  construction  of 
the  polygon  is  as  follows :  The  moment  of  the  force  a,  Fig.  341,  to 
appear  right-handed  must  be  viewed  from  the  right,  hence  AB, 
Fig.  341(6),  must  act  towards  the  left;  similarly  the  line  BC,  rep- 
resenting the  moment  of  b,  and  also  the  moment  of  the  force  c, 
must  be  viewed  from  below,  and  the  force  lines  CD,  acts  upward. 
Then  AD  will  be  the  resultant  moment,  and  must  act  in  a  direction 
opposed  to  the  other  moments.  If  equilbrium  is  sought  it  must  act 
in  the  same  direction.  The  moment  of  the  horizontal  chord  force 
is  zero.  The  analytical  solution  is  similar  to  that  fully  discussed 
in  the  preceding  cases.  Upper-chord  pins  generally  have  their 
greatest  stress  with  the  web  members,  that  is,  when  the  load  ex- 
tends over  the  longer  segment;  the  lower-chord  pins,  when  the 
load  extends  over  the  entire  span. 

947.  In  this  article  the  rolling  loads  will  be  taken   as  the 
weights  on  the  wheels — called  concentrated  wheel  weights — of  two 
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Fig.  842(rt). 

heavy  locomotives  coupled  together,  followed  by  a  uniformly  dis- 
tributed load.  The  formulad  used  will  be  found  in  equations  (526) 
and  (530). 

Fig.  342  represents  a  through  all  iron  or  steel  Pratt  truss,  ver- 
ticals  in  compression,  diagonals  in  tension.     Length  of  span  =: 
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200  feet  centre  to  centre  of  end  pins;  panel  lengths  Oa,  db,  cd,  etc, 
=20  feet;  number  of  panels=10;  depth  of  tru88=30  feet  between 
pin  centres.  From  eq.  (536)  w  =  51  +  350  +  400  =  1750  pounds. 
Assuming  the  weight  of  the  two  trusses  and  lateral  bracing  per  foot 
of  length  at  live  times- the  length  of  span,  expressed  in  pounds,  then 

Weight  of  two  trusses  and  lateral  bracing  =  200  X  5  =  1000  lbs. 
"  stringers  and  floor-beams  per  linear  foot     =    350  " 
cross- ties,  guard-rails,  rails,  spikes,  etc., 
per  linear  foot  =    400  " 

Total  dead  weight  per  foot  of  length  of  truss       =  1750  " 

Weight  on  each  truss  per  linear  foot  =  875  pounds.  Assuming  27S 
pounds  as  acting  on  upper  chord,  we  have,  for  each  upper-panel  point, 
?(♦,  =  275  X  20  =  5500  pounds  =  one  panel  weight  of  dead  load. 

As  illustrated  in  the  above  diagram,  there  are  96,000  pounds 
concentrated  in  the  space  of  14'  9",  60,000  pounds  on  15*  4",  and 
171,000  pounds  over  54' 3".  It  is  now  generally  specified  that 
the  rolling  load  shall  consist  of  two  such  locomotives  coupled  to- 
gether and  followed  by  a  uniform  load  of  3000  pounds  per  foot. 
It  is  further  evident  that  it  is  erroneous  to  suppose  that  the  entire 
dead  load  acts  directly  at  one  chord  panel  point;  and  although  we 
caTinot  in  advance  determine  exactly  how  much  load  should  be 
alloAved  for  the  two  chords,  we  can  at  least  approximate  it.  The 
use  of  the  wheel  concentrations  is  really  no  more  complicated  than 
that  of  a  uniformly  distributed  load.  In  either  case  it  requires  the 
'summation  of  the  reactions  or  shears  of  each  individual  load  or 
part  of  a  load.  It  requires  a  little  more  labor,  perhaps,  but  no  dif- 
ferent principles. 

Lower-chord  fixed  load,  600  pounds  per  lineal  foot,  or  12,000 
pounds  per  panel,  =  w^ ;  total  panel  weight  =  17,500  lbs.  =  w,+fP,; 
length  of  diagonals  =  36.05  feet;  multiplier  of  diagonal  stresses 

=  sec  angle  0, 1,  a  =  -^-  =  1.2;  and  for  horizontal  stresses  =  tan 

angle  0,l,a  =  ^%  =  0.66f , — the  rolling  load  to  consist  of  two  con- 
solidation locomotives  of  the  type  shown  in  Fig.  342  (a),  coupled 
together,  followed  by  a  uniform  load  of  3000  pounds  per  lineal 
foot. 

Recollecting  that  the  stresses  in  the  verticals  are  equal  to  tho 
shears,  and  in  the  diagonals  are  the  shears  multiplied  by  1.2,  we 
write  easily  these  stresses,  due  to  the  dead  load : 
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Compression 

in  5e 

Tension 

"  4« 

Compression 

«  id 

Tension 

«  Sd 

Compression 

"  3c 

Tension 

"  2c 

Compression 

"  2& 

Tension 

"  1* 

« 

"  la 

Compression 

in  01 

10,  = 


]  = 


.      \     i{tv,  +  to,)  X  1.2  = 

(  i(12,000  +  5500)  X  1.2 
:       8750  +  5500 

(14,250  +  12,000)  X  1.2 
26,250  +  5500 

(31,750  +  12,000)  X  1.2 
:  43,750  +  5500 

:         (49,250  +  12,000)  X  1.2 
:  12,000 

:  (61,250  +  12,000  +  5500)  X  1.2 

To  prove  the  correctness  of  the  above,  the  stress  in  01  must  be 
equal  to  one  half  the  entire  load  on  the  bridge  multiplied  by  1.2,  or 
17,500  X  4^  X  1.2  ==  94,500  pounds,  the  same  as  in  the  table. 

The  chord  stress  fn  any  panel  is  the  sum  of  all  of  the  shears 
between  the  end  of  the  truss  and  the  panel  in  question  multiplied 
by  0.66f.  Using  the  above  shears,  we  write  the  chord  stresses 
61,250+12,000+5500  =  78,750;  78,750  +  49,250+12,000  =fc  140,000; 
etc. 


5,500  lbs. 

10,500 

tc 

14,250 

iC 

31,500 

cc 

31,750 

tc 

52,500 

<c 

49,250 

tc 

73,500 

ti 

12,000 

tc 

94,500 

tt 

Chord  stress  Oa,  ab,  tension            78,750  X  i 

"  1,  2,  compression  140,000  X  S 

"  bcy  tension          140,000  X  i 

"  2,  3,  compression  183,750  X  i 

"  cd,  tension          183,750  X  | 

''  3,  4,  compression  210,000  X  J 

"  de,  tension          210,000  X  f 

"  4,  5,  compression  218,750  x  i 


ft 


t( 


tt 


tt 


tt 


tt 


tt 


52,500  lbs. 
93,333 .  " 

93,333  " 

122,500  " 

122,500  " 

140,000  ** 

140,000  " 

145,833  '* 


To  prove  this  series,  the  shear  in  01  is  4 J  panels  weight;  in  IJ 
3^,  in  2c  2^,  in  3d  1|,  in  4e  ^  panel  weight;  hence  4^  +  3^  +  2^ 
+  1^  +  1  =  12ix  17,500 xf  =  145,833;  and  similarly  for  any  other 
panel.  The  load  is  not  uniformly  distributed,  but  concentrated  at 
panel  points. 

948.  To  find  the  shears  for  the  rolling  load  and  the  bending 
moments,  construct  the  following  table  for  use  in  connection  with 
equations  (526)  and  (530).  Column  1  is  the  number  of  the  wheel 
from  the  head  of  the  moving  load.  Column  2  contains  the  con- 
tinned  summation  of  the  wheel  concentrations  and  the  distances 
between  them;  column  3  the  product  of  the  numbers  in  column  2; 
and  column  4  contains  the  sum  of  the  numbers  in  column  3  from 
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LocoMOTivB  Table  LXXV 

• 

1. 

2. 

8. 

4. 

t01     1 

15,000X8.08 

121,200 

121.200 

Wi     2 

89,000X5.75 

224,250 

845,450 

Wi     8 

63,000X4.50 

288.500 

628,950 

t0«     4 

87,000X4.50 

891.500 

1,020,450 

' 

w^     5 

111.000X7.08 

785,880 

1,806,330 

w^     6 

126,000X4.88 

608,580 

2,414,910 

Wt     7 

141,000x5.67 

799,470 

3,214,880 

Wi     8 

156,000X4.88 

753,480 

3,967,860 

» 

i<>»     9 

171.000x9.00 

1.539.000 

5,506.860 

Wio  10 

186,000  X  8.08 

1,503,880 

7,009,740 

Wn  11 

210.000X5.75 

1,207.500 

8.217.240 

W,a  12 

234,000X4.50 

1,058.000 

9,270.240 

Wit  18 

258,000X4.50 

1,161,000 

10.431.240 

Wi4  14 

282,000X7.08 

1.996.560 

12.427,800 

l/7l6   15 

297.000X4.88 

1,434.510 

13,862,310 

l^ie  16 

812,000X5.67 

1,769,040 

15,631,350 

Wit  17 

327,000  X  4.83 

1,579.410 

17.210.760 

U'lalS 

342,000X4.00 

1,868,000 

18.578,760 

—J 

the  top  down  to,  and  including  the  nnmber  in,  the  same  horizontal 
line  with  the  number  selected  in  column  4,  and  is  the  value  of  that 
part  of  the  positive  parenthesis,  u\a  +  {w^  +  to^l  +  (w^  +  w,  +  tr,)c 
-f  etc.,  in  equation  (536),  which  is  as  follows: 

S  =  j[w,a  +  (w,  +  tv^^h  +  {w,  +  w^  +  w;)c 

+  ...(?(;,  +  n\  +  n»,  +  .  .  .  u\)x]  -  -Ato^a 

+  0^,  H-  ^^^)^  +  .  .   .  (l^,  +  W,  +  .  .  .  ?^'ni-i)^].       (546) 

949.  The  value  of  x  is  easily  determined.  Let  the  load  come  in 
from  the  right  and  move  towards  the  left,  which  is  the  condition 
always  assumed  unless  specifically  stated  otherwise.  If,  then,  the 
liead  of  the  load  w^  rests  at  k,  we  find  from  column  2  of  the 
table  8.08  +  5.75  +  4.50  =  18.33  feet.  Hence  wheel  w,  will  be  on 
the  bridge.  As  the  panel  length  is  20  feet,  and  as  rr  is  the  distance 
of  the  rear  or  last  load  from  the  right-hand  end  of  the  bridge  at 
point  10,  we  have  20  -  18.33  =  1.67  feet  =  x.  Similarly,  if  the 
liead  of  the  train  rests  at  A, ,  then  8.08  +  6.75  +  4.50  +  7.08  +  4.83 
=  34.74  feet;  two  panels  =  40  feet  from  h  to  10;  hence  40  —  34.74 
=  5.26  feet  =  x,  and  so  on.  These  calculations  will  be  facilitated 
by  forming  a  table,  giving  the  distances  of  each  wheel  from  the 
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liead  of  the  train^  which  can  be  compared  directly  with  the  length 
of  span  covered  by  the  rolling  load  as  follows : 

Table  LXXVI. 
Distance  from  front  load  w,  = 

tffi  tOi         tos  W4  Wi         wt  wt  tos         m 

0         8.08'     13.83'    18.33'    22.83'    29.91'    34.74'    40.41'   45.24' 

Second  engine: 

tffio  tCii  Iflia  t^it  Wm  t^i*  fiOit  tOiT  fDit 

54.24'    62.32'   68.07'    72.57' .77.07'    84.15'    88.98'    94.65'    99.48' 

Head  of  Uuiform  Load. 
103.48' 

From  which  table,  when  w,  or  any  other  load  is  at  a  panel  point, 
^e  can  find  at  once  how  many  wheel  concentrations  are  on  the 
bridge,  and  the  distance  of  the  last  load  from  the  right-hand  point 
-of  support  10.  For  instance,  if  the  head  of  the  train  is  at/,  from 
/to  10  =  4  panels  =  80  feet.  The  next  less  number  is  77.07  feet, 
under  wheel  to^^,  which  is  the  last  load  on  the  bridge,  and  80 
—  77.07  =  2.93  feet  =  x.  Again,  if  wheel  w^  is  at  h,  from  h  to  10 
=  40  feet;  wheel  w,  is  13.83  from  w,;  then  45.24  -  13.83  =  31.41 
ieet,  and  54.24  —  13.83  =  40.41;  hence  the  last  wheel  on  the  bridge 
is  w^  over  45.24  feet.  If  the  head  of  the  load  is  at  c^  from  c  to  10 
=  7  panels  =  140  feet.  As  the  front  end  of  the  uniform  load  is 
103.48  feet  from  the  head  of  the  train,  there  will  be  140  —  103.48 
=  36.52  feet  of  uniform  load  of  3000  pounds  per  foot  on  the  bridge. 
This  load  acting  through  its  centre  of  gravity  will  be  w^  of  eq.  (546). 
Wn.i  being  the  last  wheel  of  the  second  tender,  the  distance  then 
between  w^.i  and  w^  will  be  {x  +  4),  x  being  the  half  length  of 

the  uniform  load,  equal  in  the  above  case  to  — i—  =  18.26  feet,  and 

then  distance  between  w;,_i  and  w,  =  18.26  +  4  =  22.26  feet;  which 
will  be  the  last  of  the  series  of  distances  a,  b,  c,  d,  etc.  We  are  now 
prepared  to  determine  the  maximum  shears.  The  condition  for 
maximum  shear  is  shown  by  eq.  (524) : 

n(w,  -f-  w^  +  etc.)  =  w,  +■  w,  +  w,  +  .  .  .  w^.     .     (547) 

^  =  number  of  panels  =  10  in  this  case,  and  Wn  being  the  last  load 
on  the  bridge.  For  maximum  shear  this  condition  must  be  ful- 
ifilled  as  nearly  as  possible. 

960.  Let,  then,  the  rolling  load  come  in  from  the  right,  and  ta. 
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rest  at  k,  distant  from  10  =  1  panel.  We  find  over  18.33  the  wheel 
to,\  then  a;  =  20  -  18.33  =  1.67  feet.  From  Table  LXXV,  opposite 
w^  in  column  2,  we  find  total  weight  on  bridge  =  87,000  pounds.  If 
now  the  load  w,  ha^  just  passed  ky  w,  will  be  in  the  panel  H,  and 
mo^  =  10  X  15,000  '=  150,000  >  87,000  by  substituting  in  eq.  (547). 
Therefore  this  position  of  the  load  does  not  produce  niaxirauni 
shear  in  panel  hk  or  in  main  brace  A9;  but  if  we  suppose  that  w^ 
rests  at  panel  point  k,  and  that  8700  pounds  of  this  load  rests  in 
front  or  to  the  left  of  k,  then 

n  X  8700  =  87,000  =  w,  + 1^,  +  f^,  +  .  .  .  w^, 

the  total  load  on  the  bridge;  which  satisfies  eq.  (547),  and  is  the 
position  for  maximum  shear  or  tension  in  Sk,  or  maximum  com- 
pression in  A9.  The  brace  8^*  is  not  used;  as  will  be  seen  later,  it 
is  not  needed.     If  used  it  would  be  a  counterbrace. 

If  the  load  extends  to  the  panel  point  ^,  distance  7ilO  =  40  feet. 
In  Table  LXXVI  we  find  lu,  over  34.74  feet;  then  a;  =  40  -  34.74 
=  5.26  feet.  Opposite  w,  in  Table  LXXV,  column  2,  total  load 
on  bridge  =  141,000  pounds,  and  nw^  =  10  X  150,000  >  141,000,. 
placing  to^  at  h  and  14,100  pounds  acting  to  the  left  of  h,     Ilence 

10  X  14,100  =  141,000  =  w,  +  w,  +  «^,  +  .  .  .  w,, 

in  which  w^  =  w,.  This  gives  position  of  load  for  maximum  shear 
and  tension  in  7^7,  which  will  be  another  counterbrace  if  needed. 
If  we  place  w,  at  h  (as  with  to^  at  h  wheel  w^  is  so  near  the  end  of 
the  bridge,  as  in  Table  LXXVI  we  find  it  over  the  distance  40.41,  or 
40  -  40.41  =  -  0.41  foot,  to  right  of  point  10),  then  ic  =  40  +  8.08 
=  48.08  —  45.24  =  2.84  feet,  and  to^  =  w^  over  45.24  is  the  last 
load  on  the  bridge,  w,  is  in  panel  gh.  Hence  10  x  15,000  = 
150,000  <  171,000,  opposite  w^ ,  Table  LXXV,  but  by  assuming: 
only  2100  pounds  of  to^  to  act  to  left  of  /*, 

10(15,000  +  2100)  =  171,000  =  w,  +  w^  +  w^+  .  .  .  w.. 

Both  of  these  positions  of  the  load  should  be  tested  by  substitution 
in  eq.  (546)  to  see  which  gives  the  greatest  shear.  With  w^  at  hr 
from  Table  LXXV  we  find  that 

5.75  +  4.50  +  4.50  +  7.08  +  4.83  +  5.67  +  4.83  =  37.16. 

Hence  x  =  40  -  37.16  =  2.84  feet,  same  as  found  by  Table  LXXVL 
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If  we  place  w,  at  g^  g\0  =  3  panels  =  60  feet,  w^,  =  te^.^ 
a;  =  60  ~  54.24  =  4,76  feet,  and  as  10  X  150,000  <  186,000,  it  ig. 
clear  that  this  does  not  satisfy  eq.  (547)  within  a  small  limit  of  error. 
Hence  we  must  place  w^  at  g.    Then 

2;  =  60  +  8.08  =  68.08  -  68.07  =  0.01  foot. 

Hence  w,,  =  w^  and 

10(15,000  +  8400)  =  234,000  =  w^  +  w,  +  «;,  +  wj,-  ta„). 

By  assuming  that  8400  pounds  of  w^  acts  to  left  g,  w^  at  g  will  give^ 
maximum  in  ^6,  a  counterbrace,  and  will  be  needed,  as  will  be^ 
seen  later.    If  we  place  w,  at  g,  w^^  =  w,,  10(15,000  +  24,000)  == 
390,000  >  258,000  by  too  great  a  difference. 

w^  at  /.  /.lO  =  80  feet,  a;  =  80  +  8.08  —  84.15  =  3.93  feet; 
w,.  =  w.;  10  X  15,000  =  150,000  <  297,000,  10(15,000  -^  14,700) 
=  297,000,  which  satisfies  conditions  for  a  maximum  shear  on  fby  a 
counterbrace,  and  will  certainly  be  needed.-  Hence  it  will  be  best 
to  try  w^  at  /.  /lO  =  80  feet,  a;  =  8.08  +  6.75  +  80  =  93.83,. 
93.83  -  88.98  =  4.85;  w,^  =  w^y  10(15,000  +  24,000)  =  390,000  > 
312,000,  which  is  evidently  very  far  from  satisfying  the  required 
condition,  w^  at  /  comes  nearer  the  condition  for  a  maximum  than 
any  other  loading  possible. 

w,  at  e.    elO  =  100  feet;  x,  =  8.08  +  100  =  108.08,  108.08  — 
103.48  =  4.60  feet  =  length  of  uniform  load  on  the  bridge.    Hence 

A.  f^(\ 

X  =  -^  =  2.30  feet,  the  distance  of  the  centre  of  gravity  of  the 

uniform  load,  which  is  w„  to  the  point  10.  Wheel  w,,  =  w,_i;  dis- 
tance between  w^.i  and  t^,  =  re  -f  4  =  6.30  feet,  which  is  the  mul- 
tiplier for  the  last  load  in  column  1,  Table  LXXV  (instead  of  4), 
it  being  the  last  term  of  the  series  of  distances  a,  b,  c,  d,  etc. 
Total  uniform  load  on  the  bridge,  4.60  X  3000  =  138,000  pounds. 
Total  load,  2^,,  +  13,800  =  342,000  +  13,800  =  355,800  pounds; 
10(15,000  +  20,580)  =  355,800  =  to,  +  w,  +  m;,  +  etc.  -  ii\^ 
w^  at  e  gives  then  maximum  shear  and  tension  in  64,  which  is  a 
main  brace.  Both  engines,  tenders,  and  part  of  the  uniform  load 
are  on  the  bridge,  and  as  we  have  seen  the  condition  for  a  maximum 
shear  is  independent  of  the  exact  position  of  the  load  resting  on 
the  panel  under  consideration,  hence  it  may  be  that  it  is  not  neces- 
sary to  place  any  one  of  the  wheels  at  a  panel  point,  as  we  can 
increase  or  decrease  the  entire  load  on  the  bridge,  moving  th» 
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«  > 

whole  load  forward  or  backwards,  still  keeping  the  same  loads  on 

the  panel  in  front  of   the  panel  point  e,  or  any  other  point 

n{w^  +  w,  +  ©^0  remaining  constant,  and  the  exact  equality  in 

equation  (547)  thereby  established. 

With  w,  at  £?:  rflO  =  6  panels  =  120  feet;  ar^  =  8.08  +  5.75 + 

120  =  133.83,  and  133.83  —  103.48  =  30.35  feet  of  uniform  load  on 

30.35 
the  bridge.  .  Hence  x  =  — ^ —  =  15.18  feet,  w,,  =  t^n-i,  and  30.35  X 

3000  =  91,050  pounds  of  uniform  load  =  w,;  distance  between  ic, 

and  w;n-i  =  a:  +  4  =  19.18  feet,  last  multiplier.     Total  load  on 

bridge  =  342,000  +  91,050  =  433,050  pounds;  10(15,000  +  24,000) 

=  390,000  pounds  <  433,050;  but  10(15,000  +  24,000  +  4305)  = 

433,050  =  «(;,  +  w,  +  w,  +  .  .  .  w^;  w,a  t  d  gives  maximum  shear 

on  d'dy  another  main  brace. 

w,  at  c:  ^10  =  140  feet;  x,  =  8.08  +  5.75+140  =  153.83,  and 

50  35 
153.83  -  103.48  =  50.35  feet,  length  of  uniform  load;  x  =  -~  = 

25.18'  w„  =  w,.i;  and  50.35  x  3000  =  151,050 pounds  =  w.  =  total 

uniform  load.    Entire  moving  load  on  bridge  =  342,000  +  151,050 

=  493,050  pounds;  10(15,000  +  24,000)  =  390,000  <  493,050;  but 

10(15,000  +  24,000  +  10,305)  =  493,050  =  ta^  +  w',  +  w.  +  •  •  • 

^0^.    This  will  be  maximum  position  for  shear.    Distance  between 

-Wn-i  and  w^  =  29.18  feet. 

w,  at  *:   blO  =  160  feet;  x^  =  160  +  13.83  -  103.48  =  70.35 

70  35 
feet  uniform  load;    x  =     '      =  35.18    feet;    w,,  =  w,_,;  «?.  = 

70.35  X  3000  =  211,050  pounds.  Total  load  -  342,000  +  211,050 
=  553,050  pounds  =  10(15,000  +  24,000  +  16,305).  Distance  be- 
tween w,_i  and  ?^.  =  X  +  4  =  39.18  feet,  which  is  condition  for 
maximum  shear  and  tension  in  lb, 

w,  at  a:  alO  =  180  feet;  a;,  =  8.08  +  5.75  +  180  -  103.48  = 
90.35  feet  of  uniform  load ;  x  =  45.18,  w„  =  w._„  w.  =  90.35  X  3000 
=  271,050  pounds.  Total  load  =  613,050  pounds  =  10(15,000  + 
24,000  +  22,305),  condition  for  maximum  shear  and  compression 
in  01.     Distance  between  w»,_i  and  w,  =  49.18  feet. 

951.  Recollecting  that  when  the  uniform  load  is  on  the  bridge 
vu  is  this  load  concentrated  at  its  centre  of  gravity,  x  its  distance 
from  the  nearest  reaction,  and  that  the  distance  between  ff,.i  and 
v\  is  =  a;  +  4,  we  can  then  proceed  to  find  the  shears  due  to  the 
rolling  load  in  any  web  member,  as  we  have  already  found  position 
of  load  on  the  bridge  for  maximum  shear.    Substituting  in  eq.  (526), 
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S  =  -jlw.a  +  (w^  +  w,)b  +  {w,  +  w,  +  w,)c  + 
+  i^^i  +  ^\  +  Wz+  . . .  +  ^n)x] 


-  --[io,a  +  {w,  +  w,)i  +  ...  +  {w^  +  w^  +  . . .  w„.-i)y]. 


y     (548>. 


Since  until  the  load  has  passed  the  point  g,  or  so  long  as  the 
front  load  w^  rests  at  a  panel  point  for  maximum  shear^  there  are 
no  terms  in  front  of  the  panel  point  and  the  negative  part  of  the 
value  of  S  becomes  zero.     Hence 

S  ==  -^[w^a  +  {w,  +  w^)h  +  {lo^  +  10^  +  w,)c  +  . . 
+  {w,+w,+  ...^w^)x-\ (549) 

With  w^  at  i  (see  paragraph  950):  a;  =  1.67,  io,^  =  w^\  then 
w^  +  f<?,  +  f(7,  + . . .  w„(  =  w^  =  87,000  pounds,  in  Table  LXXV,. 
c#lumn  2,  opposite  wheel  w^.    The  first  part  of  the  value  of  8  is 

«'i«  +  (*^i  +  w,)*  +  K  +w,  +  ^^a)^+ . . .  (^^i  +  tt^,  +  ?dr,  + . . .  W,-i)?^ 

q  being  the  distance  between  w^^y^  and  w„,  or,  in  this  case,  between 
w,  afid  10^,  =  4.50  (Table  LXXV);  and  as  the  term  simply  expresses 
the  summation  of  the  moments  up  to  and  including  Wn-i  =  lo^y, 
the  value  of  this  term  is  found  opposite  to^^i  =  w,  in  Table 
LXXV,  column  4,  =  628,950  foot-pounds  =  w^a  +  (w^,  +  ^^J^  -f- 
(w,  +  w,  +  ^O^  +  ®^^-    ^  =  ^^^  ^^®t«     Substituting  in  eq.  (549), 

8  =  ^[628,950  +  87,000  X  1.67]  -t-  2. 

As  the  table  is  constructed  for  the  entire  load  carried  by  both 
trusses,  then  shear  in 


Qz._    1   /628950   ,  87000 
^^  -  200V~"2~  +  ~2" 


X  1.67 j  =  1936  pounds.     .     (1) 


Table  LXXV  is  calculated  by  using  the  weights  on  a  pair  of 
drivers  and  tender-wheels,  24,000  pounds,  15,000  pounds,  which 
should  be  divided  between  two  trusses.    For  shears  and  stresses  in 

each  truss,  — ^r — ,  — - — ,  etc.,  should  be  used,  or  the  shears  should 

be  divided  by  2  in  all  cases. 
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w,  at  h:  X  =  5.26;  to^  =  w^;  to^  -^  w^  +  w^ . . .  Wn=  141,000 
pounds  (see  column  2,  Table  LXXV,  opposite  w J ;  io^.i  =  w,.  Hence 
opposite  w^y  column  4,  Table  LXXV,  wfi  +  (w,  +  ^i)  +  {^i  +  ^t 
-|-  w^)c  =  2,414,910  foot-pounds. 

oi-             rv,          1  /2414910  ,  141000      ^  „^\       ^^^^  ,      ,„, 

Shear  m  7A  =  Sqq( — s 1 o —  ^        J  "  pounda    (2) 

If  w^  be  placed  at  7i,  a:  =  2.84,  w„  =  w,,  and  «?,  =  tt?n,-i;  w,  + 
^1  +  ^s  +  etc.,  +  w^  =  171,000  pounds  (see  column  2,  Table 
LXXV,  opposite  w,);  w,_i  =  w,.  Then  w^a  +  (w,  +  trJJ  + 
<w,  +  w,  +  fv^)c  +  etc.,  =  3,967,860  (column  4,  Table  LXXV 
opposite  w^),  and  as  16^,  is  in  front  of  the  point  h,  the  negative  term 
in  eq.  (546), 

~  -l^fi  +  («^i  +  «^.)*  +  (w,  +  tt',  + . . .  «^»,-i)y], 
l)ecomes 

-  -(wn.-i)y  =  -  -(«^i«)  =  -15,000  X  8.08  =  -121,200 
P  .        p  p  P  t 

^See  column  4,  Table  LXXV,  opposite  its  wheel,  w^.)    Then  sub- 
stituting in  eq.  (546),  p  =  20, 

JS  =  j[w,a+  {w,  +  w,)b+  {to,  +  w^  +  w;)e  + ... 
+  {w,  +  w^  +  w,  +  ...  w^)x\ 

-  -[«^x«+  (^<^i  +  ^7)^  + . . .  +  K + «», + w,  + . . .  w..i)y]; 

^        1  r3967860  ,  171000^  ^.,"1      1      121200     ^,^^  ,^  ..x 

^  =  mL-2— +-2-><^-^^J-20><-r~=^l^^^»>*^^    <^> 

As  this  result  is  a  little  greater  than  with  w^  at  h  (see  (2) ),  the 
maximum  shear  is  secured  with  w^  at  h  (see  (3) ).  Although  8109 
—  7892  =  217  pounds  is  small,  it  shows  the  importance,  in  all  cases 
of  doubt,  as  to  the  maximum  position  of  the  load,  of  trying  seyeral 
positions  of  the  load  to  find  the  actual  maximum  shear. 

For  maximum  shear  in  y6 :  w,  at  ^;  w^  =  «?„;  a;  =  0.01;  w.-i  = 
'^ii5  w«i-i=  Wi>  ^  =  y  =  8.08.  First  positiye  term  in  column  4, 
Table  LXXV,   opposite  w^^.    Second  term  in  column  2,  Table 


DESIGNING  OF  SIMPLE  TRUSSES.  1071 


XiXXV,  opposite  w„.    Negative  term,  column  4,  Table  LXXV, 
opposite  w^  =  121,200;  p  =  20.     Substituting,  eq.  (546), 

^,       1  r8217240  ,  234000     ^^,n      1     121200     ,^^«,  „ 

For  maximum  shear  in/5:  x  =  3.93;  w,  at/;  w„  =  w^^;  Wn-i 
=  ?£;,^;  w„,_i  =  tt?,;  a  =  y  =  8.08.  First  positive  term  opposite 
w^^  in  column  4  =  12,427,800;  second  positive  term  opposite  to^^  in 
column  2  =  297,000;  negative  term  as  above. 


ou        .     ^        o         1   r  12427800   ,   297000      ^  ^r] 
Shear  in/5  =  ^  =  ^j^L 2"  + -^—  X  ^'^^J 

1     121200       __.            ,  ,^. 

—  r^ .  — ^ —  =  30,963  pounds (5) 

For  maximum  shear  in  4e:  x  =  2.30;  itr,  at  e.  As  now  the  roll- 
ing load  is  on  the  bridge,  the  total  load  is  w^'\-w^-\-w^  +  . . .  +  ?^m-i+ 
^»,  in  which  w,_i  =  w^^  and  w^  =  total  uniform  load  =  4.60  X  3000 
=  13,800  lbs.  Hence  total  load  =  13,800  +  342,000  (from  column 
^,  Table  LXXV,  opposite  w^g);  but  since  the  distance  between 
w^^i  and  w^  =  x-\-  4,  the  last  term,  column  2,  Table  LXXV,  should 
be  342,000  X  (a:  +  4).  Then  the  first  positive  term  in  the  value  of 
S  would  be  =  17,210,760  +  342,000  X  (a;  +  4)  =  17,210,760  + 
342,000  X  4  +  342,000  X  a;  =  18,578,760  +  342,000  X  2.30(  =  x) 
=  w^a  +  (Wj  +  w^h  +  {w^  +  t^,4-  «^a)^  +  •  •  •  •  The  second  positive 
term  =  (342,000  +  13,800)  X  a:  =  (?(;,  +  «?,  +  .. . «;,_!  +  w^)x\  then 
^o^a  +  {lo^  +  w,)S  +  . . .  +  («^x  +  «^,  +  w,  +  . . .  tt^.^O^'  +  Wi  +  «^, 
+  .  .  .  w,.i  +  f^„)a:  =  18,578,760  +  342,000  X  2.30  +  (342,000  + 
13,800)  X  2.30  =  18,578,760  +  (2  X  342,000  +  13,800)2.3.  Hence 
vhen  the  uniform  load  comes  on  the  bridge  take  the  last  number 
in  column  4,  Table  LXXV,  for  the  first  term,  and  add  to  this  for 
the  second  part  of  the  positive  twice  the  sum  of  all  the  engine 
loads  found  in  column  2  opposite  w,.  plus  the  total  uniform  load, 
multiplied  by  the  distance  of  the  centre  of  gravity  of  the  uniform 
load  from  the  nearest  reaction  (which  is  =  x).  Then  substituting 
in  the  value  of  S  the  negative  term  the  same  as  before,  hence 
with  w^  at  e 

_         .     .           1   ri8578760,   (2X342000) +  13800  ^._n 
Shear  m  4.  =  ^go  [— T"  +  ' 2^ ""  ^-^^J 
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This  is  the  first  main  brace^  and  the  maximum  stress  or  tension  is 
found  by  multiplying  47,434  x  sec  0{  =  1.2).  (See  following 
table.) 

With  w^a,t  d:  z  =  15.18;  uniform  load  =  w^  =  91,050  pounds; 
Wn_i  =  to^^'y  Wn^-i  =  w^,  Wn^  =  w^.  -^PP^J  *^©  preceding  rule  for 
positive  terms,  and  noting  that  w^  and  w^  are  both  in  front  or  to 
the  left  of  df  the  negative  term 

-  -[w'l^  +  {'^i  +  «^J*  +  ...  +  {w,  +  w^  +  ...  +  Wn,-i)y] 

becomes 

If         ,    /       I       M>i  1  345450 

found  in  column  4,  Table  LXXV,  opposite  Wn,  -i  =  w,.    We  then 

have 

„,        .    ,,        1  ri8578760  ,  (2  X  342000)  +  91050      „  ,„1 
Shear  in  3d  =  ^1—y-  +  '- ^ X  15.18J 

-  ^0 .  ^^  =  67,124  lbs.,       (r> 

another  main  brace. 

With  w,  ^tc:  X  =  25.18  feet;  w,_i  =  tv^^;  w.^.i  =  w^;  w,,  =  tr,; 
uniform  load  w^  =  151,050  pounds.     Hence 

.    «          1  ri8578760  ,   (2  X  342000)  +  151050      ^^,^1 
Shear  in  2c  =  — [^^^-  + 1 J^ X  25.18J 

-.1.?!^^=  90,377  lbs (8) 

With  w^  at  b:  a;  =  35.18;  w^^i  =  w^^;  «^,i^i  =  w,;  w«,=  *'?,; 
uniform  load  «;,  =  211,050.    Hence 

.     ,,         1   ri8578760  ,   (2  X  342000)  +  211050      ^^,J 
Shear  in  lb  =  2ooL-T~  +  ^^ 2^"^^^ ^  '''''J 

-  ^^ .  ^^  =  116,531  lbs (9) 

All  of  the  above  shears  produce  compression  in  the  verticals 
and  tension  in  the  diagonals. 

w,  at  a:  a;  =  45.18;  w»«i=  w,.;  w„,_i  =  w,;  w^^  =  «;,;  uniform 
load  w«  =  271,050  pounds.    Hence 
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^,         .     „,         1   ri8578760  ,   (2X342000)  +  271050^^^,  "1 
Shear  in  01  =  g^^— ^ +  ^ f^ X  45.18J 


1     345450 


2 


=  145,684  lbs. 


(10) 


20' 

01  is  under  compression. 

All  the  quantities  substituted  in  the  values  of  S  are  given  in 
paragraphs  948,  949,  and  950.  The  above  shears  in  the  diagonals 
are  also  the  compressive  stresses  in  the  verticals  that  meet  the 
diagonals  at  their  upper  extremities,  due  to  the  rolling  load. 

In  paragraph  947  the  stresses  on  the  diagonals  and  verticals 
have  already  been  found,  due  to  the  dead  load  or  weight  of  the 
structure.  These,  then,  combined  by  adding  algebraically  to  the- 
stresses  found  for  the  moving  load,  will  give  the  total  or  ultimate 
stresses.  It  will  have  been  noticed  that  the  shears  in  any  panel 
before  the  head  of  the  moving  load  has  reached  the  centre  have 
been  mentioned  as  if  existing  in  the  structure.  They  are  not 
shown  in  the  end  panels,  but  are  shown  by  dotted  lines  in  the 
centre  panels.  These  shears  produce  or  tend  to  produce  tension 
in  the  diagonals  mentioned,  or,  what  is  the  same  thing,  compres- 
pression  in  the  main  diagonals  in  the  same  panel,  shown  by  full 
lines,  which  are  under  tension  from  the  dead  load.  As  both  kinds 
of  stresses  cannot  exist  in  the  same  diagonal,  the  resultant  stress 
will  be  the  difference.  This  is  the  principle  upon  which  stresses  in 
counterbraces  are  determined.  The  above  shears  give  the  stresses 
in  the  diagonals  when  multiplied  by  1.2,  the  ratio  of  the  length  of 
the  diagonal  to  its  vertical  reach. 


stresses  due  to  Rolling  Load. 


Tension  in  8*  =      1,986  X  1.2  =      2.823 

"       '•  Vi  =       7,892  X  1.2  =      9,470 

6^=     17,524X1.2=    21.029 

5/  =     80,963  X  1.2  =    37,156 

Compression  in  5^ ^    80,968 

Tension  *•  4tf  =    47.484  X  1.2  =     56,921 

Compression  '*  Ad =    47,434 

Tension  '•  Sd  =     67.124  X  1.2  =    80,549 

Compression  "  3c =    67,124 

Tension  "  2c  =     90,377  X  1.2  =  108,452 

Compression  "  26 =    90,377 

Tension  "  \b  =  116,531  X  1.2  =  139,887 

•Ma =    41,530* 

Compression  "  01  =  145,684  X  1.2  =  174,821 


Dead  Load, 

Total. 

(See  par.  M7.) 

78,500 

52,500 

31,600 

10.500 

26,665 

5,500 

86.46a 

10.500 

67,421 

14.250 

61,684 

81.500 

112,049 

81,750 

98,874 

52,500 

160,9.52; 

49.250 

189. 62T 

73.500 

213  837 

12,000 

53.530 

94,500 

269,821 

*  Found  on  next  page. 
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The  tension  on  yertical  la  due  to  rolling  load  is  found  as  in 
case  of  the  greatest  floor-beam  reaction^  that  is,  it  is  greatest  when 
the  loads  on  oa  and  ah  are  equal,  or  most  nearly  so,  as  in  the  follow- 
ing diagram.    Placing  wheel  w^  at  a,  there  is  63,000  pounds  on  oa 


Fig.  848. 

and  54,000  on  aft,  the  equality  being  satisfied  by  dividing  w,  at  a. 
Por  one  truss  the  loads  are  to  be  divided  by  2;  then,  for  the  reac- 
tion of  all  the  loads  at  a, 

24000  ,   15000  X  1.67  +  24000(9.75  +  15.50  +  15.52) 


2 


2X20 


+  !552<|^tM?)  =  4w»B, 


The  dead-load  stress  in  la  =  12,000  pounds;  .•.  total  tension  la  = 
53,530  pounds,  as  above.  The  main  diagonals  get  maximum  stress 
when  more  than  one  half  the  span  is  loaded.  The  object  of  plac- 
ing the  rolling  load  at  the  points  )fc,  ^,  ^,  and  /  is  to  determine 
whether  a  counterbrace  is  needed,  and  the  stress  on  it.  The 
counterbrace  is  not  needed  if  the  dead  stress  on  the  main  brace  in 
any  panel  is  equal  to  or  greater  than  the  stress  in  the  same  panel 
from  the  live  load  covering  the  shorter  segment.  Evidently  ^k 
and  6^  and  Vi  are  not  needed,  but  6^  had  better  be  introduced, 
simply  as  a  matter  of  precaution.  5/,  on  the  contrary,  is  neces- 
sary, as  the  stress  is  the  difference  between  that  due  to  the  dead 
and  live  loads,  and  the  latter  is  the  greatest,  the  difference  being 
26,656  pounds.  These  members  are  shown  by  the  dotted  lines  in 
Fig.  342,  paragraph  947,  5/ and  5d. 

952.  To  determine  the  chord  stresses  we  use  equation  (530),  in 
connection  with  the  table  of  locomotive  loads  and  moments. 
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From  eqnation  (530)^ 
M=  j[w,a  +  (w,  +  wJJ  +  (w,  +  w,  +  w,)c  + 


.    (550) 


rear 


+  {io^  +  w^  +  w^+  .  .  .  wj)x]  —  w,a  —  (w^  +  w^)b 
-(tv,+to^-i-w,)c.  .  .  -{w,+w^+w^+  . .  .  +«'— i)y;  J 

/•  ,  .J  being  the  loads  in  front  of  the  panel  point  at  which  moments 
are  taken  and  y  the  distance  between  the  wheel  concentrations 
w,,  1  and  w,,.  The  values  of  x  and  y  are  to  be  found  for  each  panel. 
The  position  of  the  moving  load  for  maximum  bending  moment 
is  expressed  by  the  relation  given>  equation  (528),  as  follows: 
I  ^  ,,^  +  ,a,+  ,o,+_^.J-w^  ^       ^^^  ^^^^^^^  ^^  ^^^ 

extremity  of  the  panel  in  question  from  the  left-hand  support. 
When  the  load  comes  in  from  the  right,  the  rear  extremity  of  a 
panel  is  that  end  nearest  the  centre  of  the  span.     Instead   of 

expressing  y  in  feet,  it  saves  labor  to  express  them  in  the  number 

of  panels.     In  this  example  I  =  10;  l^  is  1,  2,  3,  etc.,  panels.     For 

panel  stress  in  4,  5;  upper  chord  /,  =  5;  Z  =  10.     Placing  w,^  =  w,, 

at  e,  we  have  10^  +  10,-^-10^-^.,,  +  w^^  =  282,000   pounds,  from 

column  2  of  Table  LXXV,  opposite  wheel  w,^;  the  length  of  the 

uniform  load  on  the  bridge  will  be  =  100  -  (7.08  +  4.83  +  5.67 

+  4.83  +  4.00)  =  73.59  feet;  hence  3000  X  73.59  =  220,770  pounds; 

total  load  on  the  bridge  =  7^,  +?(;,  +  w,  +  .  .  .  +  w,  =  342,000  + 

220,770  =  562,770  pounds.      Substituting  in  eq.  (528),  ^fiy  =  ^  = 

f Si^H  =  i,  nearly,  which  fulfils  the  required  condition  for  niaxi- 

73.59 
mum  bending  action,  x  =  -^~  =  36.8  feet,    y  is  the  distance 

between  wheel  concentrations  w„=  w,,_i  and  tt^,^=  w,,  =  4.50  feet. 
Then, substituting  in  eq.  (550),  first  term  =  18,578,760, column  4  of 
Table  LXXV,  second  term  =  2  X  342,000  +  220,770.  The  nega- 
tive term  is  found  in  column  4,  opposite  w,j_,  =  w,,  =  10,431,240. 
f  Fence,  dividing  by  2, 

_  ^ri8578760  .    /2  X  342000   .  220770> 


lOL       ? 
10431240 


=  7,752,862  foot-pounds. (1) 
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For  upper  3,  4:  ^,=  4,  i=  10;  «;„=  w,,  at  d;  then  w,  +  w,+  «^» 
+  .  ..  +w.,  =  258,000.  Length  of  uniform  load  =  12O-(4.50  + 
7.08  +  4.83  +  5.67  +  4.83  +  4.00)  =  120  -  30.91  =  89.09  feet 
(d  being  120  feet  from  point  10  or  72,).  Uniform  load  =  3000  X 
89.09  =  267,270  pounds;  w,  +.w,  +  w^  +  .  .  .  w,  ;=  342,000  -f 
267,270  =  609,270  pounds.  ^^  =  HffH  =  ^,  nearly,  by  eq.  (528). 
Hence  w,,  at  d  gives  maximum  moment  panel  3,  4. 


•••^=ro 


8760  .  /2x  342000  .  267270\   ,,  „1 


2 

9270240 
^^^—^ —  =  7,556,447  foot-pounds (2) 

For  upper  chord  2,  3:  /,  =  3;  /  =  10;  w,,  =  w„  at  c.  Then 
tp^z=iio^  +  w^+  .  .  .  +  w,,  =  186,000  pounds;  leugth  of  uniform 
load  =  140  -  49.24  =  90.76;  x  =  45.38  feet.  Uniform  load  =  3000 
X  90.76  =  272,280  pounds;  w,  -\- w^  + w^+  .  . .  +  w,  =  342,000 
+  272,280  =  614,280  pounds.     Hence 


^=16 


18578760  ,  /2x  343000  ,  272280\   ,,„„"! 
—r~  +  [ 2 +  -2-)x45.38j 


5506860  nr,^c^r^nc^^      J.  J  /oV 

— =  6,542,782  foot-pounds (3) 


Upper  chord  1,2:  l^  =  2;  Z  =  10;  w^=  w„  at  b;  w,  +  w,  +  w, 
-f  .  .  .  +  w,,  =  126,000.  Length  of  uniform  load  160  -  73.57 
=  86.43 ;  X  =  43.22  feet.  Uniform  load  3000  X  86.43  =  259,290 
pounds ;  iv^  +  w,  +  w,  +  .  .  .  Mt,  =  342,000  +  259,290  =  601,290 
pounds.     Hence 

2  ri8578760  .   /2  X  342000  .  259290^ 


loL       2 


+  (^^  +  ?^^)x  43.22] 


1806330       ,  ^^,  ^.^  ^    .           J  /.v 

— =  5,031,610  foot-pounds (4) 

AVe  can  now  find  the  chord  stresses.    In  lower  chord  Off,  ab,  hL\ 
klO,  multiply  the  shear  in  01  by  —  =  ~  =  -. 

LCI         o\)         O 

Tension  due  to  rolling  load  =  145;984  X  f  =  97,123  pounds. 
For  the  stresses  in  the  other  panels  divide  the  moments  jnst 
found  by  the  depth  of  the  truss  =  30  feet. 
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Compreasion,  4,  5 ;  5,  6  =  ^^ff^  =  258,428.70  lbs. 

«  3,  4;  6,  7  =  ^^^Ai  =  251,881.60  '' 

Tension,  de,  ef       =  ^i^j'^i  =  251,881.60  " 

Compresfiion,  2,  3 ;  7,  8  =  ^^  Vo"^*  =  218,092.73  " 
Tension,          cd,fg       =  ^Mft^^i  =  218,092.73 
Compression,  1,  2;  8,  9  =  ^^^^W^^  =  167,720.33 

Tension,         bc,g?i       =  ^Vir*^  =  167,720.33  " 

To  the  above  add  the  stresses  due  to  the  dead  load  (see  par.  947) : 

Max.  compression,  4,  5;  5,  6  =  258,429  +  145,833  =  404,262  lbs. 

"  3,  4;  6,  7  =  251,882  +  140,000  =  391,882  " 

"     tension,  de,  ef       =  251,882  +  140,000  =  391,882  " 

«     compression,  2,  3;  7,  8  =  218,093  +  122,500  =  340,593  " 

"     tension,  cd,fff       =  218,093  +  122,500  =  340,593  " 

*'     compression,  1,  2;  8,  9  =  167,720  +    93,333  =  261,053  " 

"     tension,  be,  gh       =  167,720  +    93,333  =  261,053  '\ 

oa,  ah       =    97,123  +    52,500  =  149,623  '' 


it  te 


953.  This  completes  the  stresses,  except  for  the  lateral  or  wind 
bracing,  the  object  of  which  is  to  so  connect  the  two  trusses  that 
they  may  act  together  in  resisting  the  bending  action  of  the  wind 
on  the  trusses,  as  well  as  on  the  exposed  surface  of  a  train  on  the 
bridge,  and  to  prevent  the  bodily  overturning  of  one  truss.  This 
construction  then  gives  two  horizontal  frames  or  trusses  acted  upon 
by  a  supposed  horizontal  force,  distributed  to  a  greater  or  less 
extent  uniformly  over  an  area,  for  plate-girders  or  enclosed  trusses, 
equal  to  the  length  of  the  span  multiplied  by  the  depth  of  the 
truss.  In  this  case  the  centre  bending  moment  would  be  the  same 
as  that  of  a  horizontal  beam  resting  on  two  points  of  support  and 

uniformly  loaded,  viz.,  m  =  -^,  in  which  w  is  the  pressure  per 

o 

lineal  inch  of  each  girder,  equal  to  the  product  of  the  wind  pressure 
per  square  inch  by  the  depth  of  the  truss  in  ifiches,  the  horizontal 
diagonal  bracing  resisting  the  horizontal  shear,  so  to  speak,  of  the 
wind  pressure;  and  on  these  assumptions  the  stresses  in  the  various 
members  are  determined  in  the  same  manner  as  the  members  of 
the  vertical  trusses  acted  on  by  vertical  loads.  The  trusses  of  rail- 
way bridges  seldom  present  solid  surfaces  exposed  to  the  wind,  and 
the  actual  surfaces  of  the  chords  and  web  members  are  a  small 
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percentage  of  the  area  of  the  corresponding  truss  surface.  The 
actual  pressure  of  the  wind  in  any  given  locality  is  uncertain*  The^ 
area  of  the  actual  exposed  surface  is  made  up  of  relatively  small 
parts,  at  different  angles^  which  not  opposing  a  solid  front  to  the 
wind,  cut  and  divide  it  up,  confusing,  mixing,  as  it  were,  the  origi- 
nal force  of  the  wind;  consequently  the  magnitude,  the  distribu- 
tion, and  the  effect  of  the  wind  on  such  a  structure  is  uncertain 
and  exceedingly  variahle.  This  has  led  to  many  theories  and  sup- 
positions, upon  which  the  determination  of  the  dimensions  of  the 
wind  bracing  is  based.  About  the  highest  wind  pressure  observed 
is  from  90  to  100  pounds  per  square  foot.  Almost  every  engineer 
gives  a  different  requirement  for  the  wind  pressure,  and  apparently 
in  an  entirely  arbitrary  manner,  such  as  50  pounds  per  square  foot 
on  the  structure  alone,  and  30  pounds  per  square  foot  on  train  and 
structure  surface  combined,  or  300  pounds  per  foot  per  length  of 
train  considered  as  a  moving  load;  or,  again,  to  allow  56  pounds 
for  a  portion  of  the  depth  of  the  truss  equal  to  the  distance  between 
the  rail  and  the  top  of  the  train,  and  the  same  pressure  on  the 
actual  metal  surface  exposed  to  the  wind  of  one  truss  above  and 
below  the  train  surface  allowed  above,  and  30  pounds  on  the  same 
surface  of  the  leeward  truss;  and  so  on  almost  indefinitely.  The 
specifications  for  the  Susquehanna  River  bridge,  B.  &  0.  Ry.^ 
Havre  de  Grace,  was  a  horizontal  wind  pressure  of  50  pounds  per 
square  foot  on  all  exposed  surfaces,  and  on  a  moving  train  aver- 
aging 10  square  feet  per  linear  foot  of  track.  The  simplest  and 
easiest  of  application  is  contained  in  the  specifications  of  the 
Phoenix  Bridge  Company,  substantially  as  follows:  The  dimen- 
sions of  the  lateral  bracing  between  the  chords  shall  be  determined 
by  assuming  a  dead-load  pressure  of  150  pounds  per  lineal  foot  of 
span,  and  for  the  chord  carrying  the  moving  load  an  additional 
pressure  of  300  pounds  per  lineal  foot  of  track,  treated  as  a  live 
or  moving  load.  The  working  unit  stresses  on  tension  members  is 
15,000  pounds  per  square  inch,  and  on  compression  members  ^000 
pounds.  Upon  these  suppositions  the  stresses  in  and  dimensions 
of  the  various  members  can  be  found  in  the  same  manner  as  has 
been  fully  explained  for  the  ordinary  vertical  truss  members.  The 
horizontal  lateral  bracing  has  no  weight,  except  that  of  its  own,  to 
carry,  which  can  be  neglected.  It  must  be  remembered,  however, 
that  the  stress  in  the  chords  must  be  considered  as  a  part  of  the 
stress  onlv,  and  should  be  combined  with  the  stress  in  the  chords 
due  to  their  forming  a  part  of  the  vertical  trusses,  and  their  dimen- 
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sions  fixed  accordingly.  Any  further  refinement  on  a  subject  where 
the  acting  forces  are  bo  uncertain  would  seem  to  be  useless,  an 
allowed  pressure  per  lineal  foot,  with  a  large  factor  of  safety,  being 
as  safe,  and  decreasing  the  uncertainty  of  the  actual  pressure  used 
arising  from  actual  train  and  truss  surfaces.  It  may  be  stated  that 
a  pressure  of  about  30  pounds  per  square  foot  will  derail  a  loaded 
passenger  train,  and  of  56  pounds  per  square  foot  a  loaded  freight 
train.  Such  pressures  are  unusual,  as  the  velocity  would  be  from 
80  to  100  miles  per  hour,  causing  a  hurricane.  A  wind  called  a 
storm  does  not  produce  a  pressure  over  from  12  to  20  pounds  per 
square  foot.  Stresses  due  to  wind  pressure  will  be  computed  in  an- 
other paragraph. 

964.  In  determining  the  dimensions  of  the  members  of  this 
bridge,  the  general  specifications  of  the  Phoenix  Bridge  Company 
will  be  used.  The  clear  width  between  the  trusses  will  be  14  feet. 
The  allowed  tensile  stresses  will  be  as  follows  per  square  inch: 

For  lower-chord  eye-bars 10,000  pounds* 

•'    main  diagonal  ey  >bar8  near  the  end  of  the  span  10,000  " 

"    connterbiaces * 7,333  " 

*•    vertical  near  end  of  span 7,333  " 

"    other  tension  diagonals  to  be  graded  between 

7,333  and  10,000  '' 

"    plate 'hangers  on  floor-beams  (net  section) 8,000  " 

^'    bottom  flanges  of  floor-beams  and  stringers  (net 

section) 8,000  " 

"    lateral  braces 12,000  '' 

For  compressive  stresses,  upper  chord  and  end  posts,  per  square 
inch, 

^(39000)      .     fl  ,       ,  i(39000)     .       .         . 

p  =  — 2^ — T""  7«  '^^  ^^^  ends,  p  =  — ^ — r^/i  '^^  V^^  ©^ds. 
14-— i—--  1  +  -J_1 

^  50000  p'  ^  30000  p' 

For  posts  at  centre  of  span  reduce  the  value  of  p  by  20  per  cent; 
for  all  other  intermediate  posts  the  unit  stresses  to  be  graded  be- 
tween the  end  and  centre  values.  But  for  lateral  compression  braces 
the  values  ofp  may  be  increased  20  per  cent. 

For  top  flanges  of  stringers  and  floor-beams  the  unit  stress  must 
not  exceed  7000  pounds  per  square  inch.  The  unit  pressure  be- 
tween pins  and  pin-holes  and  rivets  and  rivet-holes,  12,000  pounds 
per  square  inch.     In  stringers  and  floor-beams,  and  their  connec- 
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tioDS  with  each  other  and  the  trusses,  this  value  shall  be  reduced  25 
per  cent.  The  greatest  unit-shearing  resistance  in  rivets  and  pins 
7500  pounds.  In  stringers  and  floor-beams  and  their  connections 
reduce  the  above  25  per  cent.  The  greatest  unit  resistance  to 
bending  of  iron  pins  =  15,000  pounds,  and  the  centres  of  pressure  to 
be  taken  at  the  centre  of  the  thickness  of  the  bars  and  plates  con- 
nected by  the  pins.  No  cast  iron  whatever  shall  be  used  in  any 
part  of  the  structure.  All  parts  shall  be  accessible  for  inspection 
and  painting.  The  unsupported  width  of  any  plate  in  compression 
shall  not  exceed  30  times  its  thickness.  The  pitch  of  the  rivets 
in  compression  members  shall  not  exceed  16  times  the  thickness 
of  the  thinnest  plate  through  which  the  rivets  pass.  An  initial 
stress  of  5000  pounds  per  square  inch  shall  be  added  to  that  produced 
by  the  vertical  load  in  all  adjustable  tension  members.  For  present 
purposes,  the  above  specifications  will  be  sufficient.  The  width  of 
the  upper  chord  will  depend  to  a  great  extent  upon  the  thickness 
of  the  eye-bars  and  verticals  of  the  web  system.  The  eye-bars 
should  be  made  as  thin  as  practicable,  as  this  reduces  the  bending 
moment  on  the  pins.  It  is  also  advisable  to  keep  the  thickness  as 
uniform  as  possible,  but  variations  in  certain  limits  are  allowable 
and  usual. 

955.  With  the  allowable  unit  strains  the  following  dimensions 
are  found  by  dividing  the  total  stress  by  the  unit  strains.  For 
bottom-chord  panels: 

Inches. 

Panels  de,  ef,  tension  =  -^Vinft?  =  39.19  sq.  in.  =  6  bare  5^  X  lA 

••      cd,fg,  ••       =  J^^^  =  34.06  ••     ••=6    -    5i  X  l.V 

"      bc.gK  "       =^VjrW  =  26.11   "     ••    =4    *•    5^X1* 

Panels  oa,  ab,  10k,  hk,      "       =  \%%\y^  =  14.05  **     '•   =  2    "    5i  X  lA 

The  unit  stresses  in  the  main  diagonals  are  found  by  dividing 
10,000  —  7333  =  2667  by  4,  the  number  of  braces  between  the 
centre  and  the  end  of  the  span,  which  gives  a  rate  of  decrease  of 
about  670  pounds.  We  find  the  stresses  in  diagonals  and  verticals 
in  par.  951.  All  diagonals  are  under  tension,  except  the  end  diagonal^ 
01,  which  is  under  compression. 


Main  braces,         16,  9h  =  WoW  =  21.84  sq.  in.  =  2  bars  64  X  If  incLes. 

2c,Sg=  HUP-  =  17.25  *•     "  =  2    "    6i  X  l^    " 

3d.  7/  =  JLJJo^i  =  12.94  "     *•  =  2    "     6i  X  1 

4e,e6  =VAV    =   8.44  **    "  =  2    •'    6x1     ** 

for  end  vertical,  lo,  9A;  =  A^V    =    7.80  "     "  =  2    '*    4    X    il     ' 

Couuterbraces.     bd,  5/  =  ^,VW^    =   3.64  '*    *'  =  2  roils  U  in.  diam. 
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COMPBESSION   MEMBERS. 

966.  As  no  strut  or  column  should  have  its  (east  side  less  than 

one  fortieth  of  its  length,  which  in  this  case  will  be  — 77T~  =  ^ 

inches,  we  will  assume  the  columns  to  be  composed  of  two  10- 
inch  channel^  placed  10  inches  apart  and  iatticed,  with  pin-plates 
riveted  tc  the  upper  and  lower  ends  of  the  vertical  struts.  These 
must  be  considered  as  columns  with  pin  ends. 

The  moment  of  inertia  of  the  cross-section  will  depend  upon 
the  metal  thickness  of  the  channels,  which  is  really  what  we  wish 
to  know.  It  becomes  necessary  to  assume  a  trial  thickness.  The 
lightest  standard  10-inch  channel  weighs  48  pounds  per  yard;  the 
web  thickness  is  ^  inch,  with  an  average  flange  thickness  of  about 
i  inch.  These  values  substituted  in  equation  (150)  for  moments  of 
inertia  for  latticed  columns,  we  find  the  radius  of  gyration  p;  when 
neutral  axis  is  taken  parallel  to  the  channels  p  =  3.7  inches,  and 
when  perpendicular  to  the  web  of  the  channels  p  =  5.6  inches. 
As  the  length  of  unsupported  column  in  planes  parallel  to  the 

greater  value  of  p  is  30  feet  =  360  inches,  -  =  —-rr  =  64.3  inches, 

but  is  supported,  in  direction  of  planes  parallel  to  smaller  value  of  p, 

by  cross  or  lateral  braces  at  about  22  feet  above  its  lower  extremity. 

/       264 

—  =  -^  =  71.4  inches.     Using  the  greater  of  these  two  values, 

and  substituting  in  equation,  p  =     °        — -^^ ,  we  find  the  safe 

14-  -L 

^  30000  p" 

resistance  to  crushing  per  square  inch  for  the  end  strut, 

7800  X  30000        ...,  , 

^  ==30000+ (71.4)- =  ^^^-P"^^^^ 

for  the  end  post;  and  deducting  from  this  20  per  cent,  we  have 
5334  for  the  centre  strut  or  column,  and  (6667  —  5334)  -r-  3  =  440 
pounds  nearly  for  the  rate  of  decrease  in  unit  strains  on  the  post* 
irom  end  to  centre  of  span.  Then  on  end  vertical  column  01  = 
€667  pounds,  on  2b  =  6227,  on  3c  =  5787,  on  4d  =  5347,  and  on 
5e  =  5347. 
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Dimensions  of  vertical  struts  will  be  as  follows : 

Lbs.  per  fd. 

Compression  on  2b,  Sfi  =  -^-Hff  ^  =  ^^-^^  ^-  i°-  =  ^^o  ^^i^*  channels,  115 

"8<J.  7^=i^V^   z=  17.10"     "  =    '•      "  ••  86 

"  "4d,  Qf  =  viW    =11.54"     "  =    *'      "  '•  80 

*' tie        =ViW    =   «.83  **    •'  =    "      *'  "  48 

For  be,  two  10-inch  channels  35  pounds  per  yard  would  answer^ 
but  the  48-pound  10-inch  channel  is  about  the  lightest  made.  The 
excess  is  on  the  side  of  safety.  The  object  in  reducing  the  safe 
unit  stresses  on  the  web  members  towards  t*he  centre  of  the  span  i& 
to  provide  against  the  injurious  effects  of  the  stresses  being  applied 
suddenly  and  removed  suddenly  on  account  of  these  members  being 
under  only  a  feeble  permanent  strain  from  the  weight  of  the  struc- 
ture, consequently  the  strain  is  more  in  the  nature  of  a  suddenly 
applied  load  or  shock.  But  the  web  members  towards  the  ends  are 
under  a  large  permanent  strain.  The  initial  stress  in  the  counter- 
braces  increases  the  compression  in  5e,  but  this  is  fully  provided  for 
by  the  excess  of  area  in  the  48-pound  channels.  The  channels  of 
all  of  these  vertical  struts  are  latticed  with  2 J  X  x«  inch  pieces 
placed  at  an  angle  of  about  60^  with  the  axis  of  the  stmt. 

967.  The  thickness  of  the  pin-plates  connecting  the  vertical* 
with  the  pin  must  be  determined.  This,  however,  requires  the 
diameter  of  the  pin  to  be  known;  the  one  or  the  other  must  there- 
fore be  assumed.  Experience  alone  is  the  only  guide,  but  with  this 
the  proper  diameter  of  the  pin  can  be  closely  approximated,  but  may 
require  two  or  more  recalculations.  Assuming  a  pin  4^f  diameter, 
each  inch  in  length  of  the  pin' will  give  a  bearing  resistance  of 
4} I  X  12,000  =  59,256  pounds.  The  floor-beams  may  either  be 
connected  with  the  pin  by  hangers,  or  they  may  be  fastened  to  the 
posts  by  plates  and  rivets.  This  latter  connection  is  assnmed  in 
this  case.  Consequently  the  stress  transmitted  to  the  pin  by  the 
posts  is  equal  to  the  compression  on  the  strut  increased  by  a  bottom- 
chord  panel  weight,  which  in  this  case  has  been  found  for  the  ver- 
tical la  =  53,530  pounds.  Hence  for  post  2b  bearing  stress  on  pin 
139,627  +  53,560  =  193,187  pounds;  hence  thickness  of  the  beariii- 
plates,  one  on  each  side  of  the  centre  of  the  pin : 

For  post  2b  =  193,187  h-  59,250  =  3.26  in.,  2  plates  each  1^  in. 

"      •'     3<J=   98.874  +  53,530  -*- 59,260  =  2.57   **    2     "        "      li    ** 

**      ''    4d-   61,684  +  53.530  -♦-59,250  =  1.94  "    2     *'        "1       * 

•*      "    5«  =  (38,463+53,630+8333)+ 59,250  =  1.66  "    2    "        "       *    " 
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The  initial  stress  in  each  of  the  two  counterbrace  bars  5/  is  500O 
poundd.    The  vertical  component  (of  this  total  stress  10,000)  = 
8333  is  added  to  the  pressure  on  the  post. 

968.  For  the  joint  a  floor-beam  plate-hangers  are  used  at  the 
centre  of  the  pin.  The  following  diagram  (Fig.  344)  shows  the 
arrangement  of  the  members,  with  their  stresses,  on  one  half  of  the 
pin.  T  and  T,  are  the  stresses  on  the  chord  bars  oa  and  ah,  re- 
spectively; the  stresses  on  these  ai*e  equal  for  joint  a,  and  each  equal 
to  lAJ^jJL  =  70,245  pounds;  v  =  the  vertical  stress  on  one  of  the  bars 
la  =  AAf^Ji  =  26,765  pounds;  the  stress  on  the  floor-beam  hanger 
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h  =  53,530  pounds.  Taking  moments  with  respect  to  centre  line  of 
pin:  The  moment  of  A  =  0;  moment  of  v  in  a  vertical  plane  = 
26,765  X  3=  80,295  inch-pounds.  As  ITand  T^  are  equal  and  act 
in  the  opposite  direction,  the  resultant  moment  is  simply  equal  to 
either  one  multiplied  by  the  distance  between  the  centres  of  their 
thickness  =  70,245  X  (H  +  4  +  4i)  =  '^0»345  X  1.41  =  99,045  inch- 
pounds  =  the  moment  in  a  horizontal  plane ;  hence  resultant  moment 

=  i^("99,045)'  +  (80,295)'  =  127,543    inch-pounds,  and   diameter 

of  pin  D  =  1/11.3  $^127,543  =  4.45  inches  =  4||  inches.  For  the 
point  b  neither  the  chord  oars  of  the  adjacent  panels  nor  the  web 
members  receive  their  maximum  strain  under  the  same  condition  of 
moving  loads  or  at  the  same  time.  But  it  will  be  assumed  that  the 
chord  bars  in  adjacent  panels  do  receive  maximum  tension  at  the 
same  time,  and  are  of  the  amounts  given.  It  is  then  easy  to  deter- 
mine the  magnitude  of  the  tension  that  must  exist  in  the  diagonals 
and  verticals  meeting  the  chord  bars  at  any  panel  point  or  joint 
under  consideration. 

For  convenience  of  reference  the  "strain-sheet"  for  one  half  of 
the  span  is  introduced.     (See  Fig.  346.) 

959.  To  find  the  diameter  of  the  pin  at  joint  b:  Equilibrium  at 
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that  joint  requires  that  the  algebraic  sum  of  the  horizontal  com- 
ponents, and  also  of  the  vertical  components,  of  all  forces  acting 

at  that  point  shall  be  zero. 
Hence  the  horizontal  component 
of  the  stress  in  li  existing  at  the 
same  time  must  be  equal  to  the 
increment  of  the  chord  stresses  or 
the  difference  between  the  ten- 
sion in  ab  and  be,  or  261,053  — 
140,490  =  120,563  pounds,  and  for 
«ach  of  the  two  bars  lb  =  60,282  lbs.  =  H;  then  the  vertical  com- 
ponent will  be 

60,282  X  ^|(=  li)  =  90,423  lbs.  =  v. 

These  components  will  be  used  in  finding  the  pin  diameter. 
The  arrangement  of  the  bars  and  plates  on  one  side  of  the  centre 
of  the  pin  is  shown  in  Fig.  345.  Thickness,  1^  =  If";  ab  =  1^"; 
tension  ab  =  70,245  pounds;  two  bars  be  =  IfV"  each;  tension  = 
^5,264  pounds;  each  pin-plate  p  =  1^". 

As  we  can  only  determine  the  point  of  greatest  bending  mo- 
ment by  trial,  try  first  the  point  x.     There  will  only  be  two  mo- 


FiQ.  846.— Slrain-sKeet  of  Iron  Pratt  Truss.    Diagonals  fn  Tension, 

Verticals  in  Compression. 


ments,  that  of  the  stress  in  ab  and  one  of  the  bars  be,  as  the  pin  is 
in  the  condition  of  a  beam  fixed  at  one  end  and  loaded  at  inter- 
mediate points.  Hence  moments  about  x  =  70,245(^1  +  i  +  lA 
+  i  +  f\)  -  65,264(^1 +  i  +  i|)  =  102,069  inch-pounds,  an  eighth 
of  an  inch  being  allowed  as  clearance  between  each  bar  and 
the  centre  of  pressure  or  stress  at  the  centre  of  the  thickness  of 
the  bars.  Moments  about  y  =  70,245  X  4.272"  —  130,528  X  2.25" 
=  6419  inch-pounds,  both  bars  be  acting  in  this  case,  taking  mo- 
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ments  about  the  centre  of  pin-plate  p.  The  acting  moments  will 
now  be  due  to  the  stress  in  ab  and  the  horizontal  component  of  the 
stress  in  1^^  both  in  the  same  direction,  and  the  stresses  in  the  twa 
bars  be  acting  in  the  opposite  direction.  Hence  we  have  70,345 
X  6.053  +  60,282  X  1.781  -  130,528  X  4.031  =  6397  inch-pounds,, 
or  the  same  as  about  the  axis  y.  We  also  have  a  vertical  moment- 
about  j9,  which  is  the  vertical  component  of  the  stress  in  1^  X 
1.781  =  90,423  X  1.781"  =  161,043;  hence  the  resultant  moment 

=  ♦^(6419)*  +  (161,043)»  =  161,171       ^ 

in. -lbs.;    hence  D=  —f  161,171  Occ 
=  4.82"=  4fJ^",  as  the  required  pin 
diameter.     For  the  joint  c,  horizon- 
tal component  of  stress  in  2c  =  3  X 
56,766  -  2  X  65,264  =  39,770;  verti- 

1(1 
cal  component  =  39,770  X  -r  =  59,655  Fio.  347. 

pounds;  stress  itself  =  59,655  X  1.2  =  71,586  pounds,  under  as- 
sumed  chord  stresses. 

Trial  moments  should  be  taken  about  several  points,  but  they 
will  only  be  taken  about  the  point  j»,  the  centre  of  the  pin-plate. 

The  moment  of  each  stress  could  be  found  as  in  the  preceding- 
case,  but  it  is  simpler  to  find  the  resultant  of  the  opposed  and  par- 
allel stresses.  The  resultant  of  the  two  stresses  be  is  parallel  and 
in  the  same  line  with  the  two  outside  bars  cd.  It  is  therefore 
130,528  —  113,532  =  16,996  pounds.  Its  moment  is  16,996(tV  + 
ltV  +  i+l,^  +  i  +  liV  +  i+l+i  +  liV+i  +  fi)  =  116,848  inch. 
pounds.  The  pin-plates  are  H  inch,  or  each=f  inch;  the  counter 
is  1  inch  thick.  The  remaining  moments  are  =  —  56,766(JJ  +  i 
+  l  +  l^^+i  +  i)  +  39,770(11  +  i  + 1)  =  -  161,380 ;  .'.  resultant 
moment  in  a  horizontal  plane  =  -  161,380  +  116,848  =  —  44,532 
inch -pounds.  The  only  acting  moment  in  a  vertical  plane  is  the 
vertical  component  of  the  stress  in  the  diagonal  2c  =  59,655  X 
(H  +  i  +  i)  =  83»^9^  inch -pounds.  The  resultant  moment  = 
1^(44,532)'  +  (83,890)»  =  94,977  inch-pounds;   hence  diameter  of 

pin  Z)  =  jfrj  f94,977  =  4.03  =  4^  inches. 

The  above  calculations  are  long  and  tedious;  and  instead  of 
decomposing  the  stress  in  the  diagonals  into  vertical  and  horizon- 
tal components,  the  moment  of  the  stress  in  the  diagonals  can  be 
used  direct.  The  stress  on  each  of  the  diagonal  bars  was  found  to- 
be  71,586  pounds;  its  moment  with  respect  to  p  is  71,586  X  (fj^  -h 
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i  +  t)  =100,700  inch-pounds;  and  the   moment  of  the  chord 

stresses  is  116,848  -  56,766  x  ^  =  — 100,459  inch- 
pounds.  Then  draw  ah  yertically  to  represent  the 
moment  of  the  chord  stresses  =  100,459  inch-pounds, 
and  ac  normal  to  'Zc,  to  represent  the  moment, 
100,700  inch-pounds;  the  closing  side  of  the  tri- 
angle be  will  represent  the  resultant  moment  = 
94,977  inch-pounds.  In  the  same  manner  the  result- 
ant moments  on  the  pins  at  d  and  e  can  be  found  either  graphi- 
cally or  analytically.  But  it  is  necessary  to  see  whether  the 
bearing  resistance  of  the  smallest  pin  above  found  against  the  end 
of  the  eye-bar  is  sufficient.  Taking  the  panel  de,  each  bottom- 
chord  bar  has  a  stress  of  ^JLigi«i  =  65,314  pounds.  The  bearing 
resistance  of  a  4.32  pin  against  the  end  of  a  bar  l^V  inch  thick  is 
A:6'Z  X  1^  X  12,000  =  62,208  pounds,  which  is  less  than  what  is 
required.  We  must  either  increase  the  diameter  of  the  pin  or  the 
thickness  of  the  bar  at  and  near  the  head,  which  is  sometimes 
done.  If  we  use  a  5-inch  pin,  the  bearing  resistance  is  5  X  1-^  X 
12,000  =  71,250.  In  the  same  way,  for  the  pin  at  h,  each  bar  car- 
ries 70,245  pounds.  The  bearing  resistance  is  4|f  X  1-^  X  12,000 
=  77,064  pounds,  which  is  sufficient.  This  examination  should  be 
made  at  each  joint.  For  the  panel  points  of  both  chords  it  would 
seem  wise  not  to  use  any  pin  of  less  diameter  than  those  deter- 
mined by  one  or  the  other  of  the  above  considerations — whichever 
requires  the  largest  pin.  Nothing  will  be  gained  generally  by 
making  the  pins  too  small,  and,  in  addition,  it  is  economical  not  to 
vary  the  diameters  of  the  pins  to  any  extent.  When  the  dimen- 
sions of  the  parts  of  the  top  chord  are  determined,  it  will  be 
necessary  to  see  the  pin  diameter  required.  Less  diameter  will 
generally  be  sufficient,  except  at  the  end  panel  point  of  the  top  chord. 
960.  For  the  dimensions  of  the  top  chord,  taking  the  centre 
panel  4,  5,  we  know  that  about  ^^H^*"  =  54  square  inches  will  be 
required.  The  width  will  be  taken  at  21 
inches  and  the  depth  at  18  inches.  The  fol- 
lowing parts  will  about  make  the  required 
area  of  cross-section :  One  cover-plate  21 
X  T^ff"  =  11.81  square  inches;  two  angles, 
AB,  3x3",  20  pounds  per  yard  =  4.0  square 
inches;  two  angles,  (7Z>, 5 X 3", 55  pounds  per 
jard,  11  square  inches;  two  web-plates  18  X 
-J^"=  29.2  square  inches.     Total,  11.81+4.0-f-lL0-|-29.2  =  56.0l 


Fig.  348. 
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sqaare  inches.  To  determine  the  value  of  the  radius  of  gyration^ 
iirst  find  the  position  of  the  centre  of  gravity,  taking  moments 
:aboat  the  horizontal  centre  line  of  the  cover-plate  GH,  The  centre 
of  gravity  of  the  3x3  inch  angles  is  found  either  by  balancing  a 
model  on  a  knife-edge  or  by  calculation.  In  this  case  the  metal 
thickness  is  f  inch,  nearly,  and  its  centre  of  gravity  is  0.95  inch 
from  its  base;  and  for  the  5x3  inch  angles  f  inch  tliick,  is  0.83 
inch  from  the  base  of  the  5-inch  leg. 

Jtloments  about  6?//,  3x3  in.  angles  =    4    X   1.23=     4.92  in.-lbs. 
"      GH,  5X3  "       "       =  11.0X17.47  =  192.17       " 
"  "     ffiy,  two  web-plates      29.2  X   9.28  =  270.98      " 


468.07  in.-lbs. 

Hence  468.07-5-56=8.36  inches,  as  the  distance  from  the  centre  line 
of  the  cover-plate  to  the  centre  of  gravity  of  the  entire  cross-section 
g\  and  8.36— .28  =  8.08  inches,  the  distance  from  the  lower  surface 
of  the  cover-plate  to  g.  The  moment  of  inertia  of  the  cross-section 
can  then  be  found  by  substitution  in  a  formula,  or  by  the  general 
principle  that  the  moment  of  inertia  of  a  surface  composed  of  sym- 
metrically arranged  rectangles  is  the  sum  of  all  the  areas  of  the 
rectangles  by  the  square  of  the  distance  from  their  centres  of  grav- 
ity to  the  neutral  axis  of  the  entire  cross-section,  increased  by  the 
sum  of  the  moments  of  inertia  of  the  several  parts  with  respect  to 
^n  axis  through  their  own  centres  of  gravity,  and  parallel  to  the 
jprincipal  axis  oo'  in  Fig.  348.     We  then  have. 

For  the  cover-plate,  11.81  X  'SM^  +  fi  X  (A)"  =  825.71 

"      "3X3  in.  angles,    4.00  X  7713"  -f    2  X  1.8     =  206.96 

"      "5X3"         "       11.0    X  9:09'  -f    2  X  3.46    =  915.85 

"      "  web-plates,  29.2(0.92)'  +  29.2(|f')  813.22 

■ 

Total  moment  of  inertia,  2761.74 

Square  of  the  radius  of  gyration  p'  =    *     ' —  =  49.32;   hence 

Do 

,p  =  ^^49:32= 7.02  inches,  and  -  ^  '^-—^  =  34.19.  We  can  now 
^  •  p         7.02 

find  the  allowable  stress  per  square  inqh  on  chord  members.    For 

£at  ends 

J)  = = j^  =  7622  pounds' 

^  50000  p' 
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for  pin  ends 

7800  ^^^^  , 

p  = — jf  =  7508  pounds. 

1   1  ^ 

^  30000  p* 

Tho  upper  chord  will  be  flat-end  columns,  except  for  the  end 

panels,  which  is  one  end  fixed  and  one  pin  end,  which  is  the  mean 

u  .           ^i       u         '^^-2  +  7508       ^^^^  ,  .    , 

between  the  above,  ^ =  7565  pounds  per  square  men. 

\ 

Upper  chord  panel  1,  2,  ^H#l^  =  34.51  sq.  in. 

One  cover-plate  21  X  ^\  in.  =    9.20  "    " 

Two  3X3  in.  angles,  20  lbs.  per  yard,  =  4.00  '*  <* 
Two  5  X  3  in.  angles,  40  lbs.  per  yard,  =  8.00  "  " 
Two  web-plates  18  X  S  in.  =  13.50  "    " 

34.7  sq.  in» 


Upper  chord  panel  2,  3,  ^4^IJ^  =  *i*i«68  sq.  in. 

One  cover-plate  21  X  ■j\  in.  =    9.20  **     " 

Two  3x3  in.  angles,  20  pounds,  =    4.00  "    " 

Two  5  X  3  in.  angles,  50  pounds,  =  10.00  "    " 

Two  web-plates  21.0  X  i  J  in.  =  22.30  «    " 


45.50  sq.  in. 


Upper  chord  panel  3,  4,  *Jf^|f^  =  51.41  sq.  in. 

One  cover-plate  21  X  V\j  i"-  =  H-^l  "    " 

Two  3x3  in.  angles,  20  pounds,  =    4.00  "    " 

Two  5X3  in.  angles,  55  pounds,  =  11.00  "    " 

Two  web-plates  21  x  H  in.  =  26.24  "    " 


52.55  sq.  in^ 


Upper  chord  panel  4,  5,  ^^f||^  =  53.04  sq.  in. 

One  cover-plate  21  X  W  ^^'  =  11-31  "     *' 

Two  3x3  in.  angles,  20  pounds,  =    4.00  "    " 

Two  5  X  3  in.  angles,  55  pounds,  =  11.00  "    " 

Two  web-plates  21  X|i  in.  =  27.56  "    " 


53.87  sq.  in. 


This  last  is  a  little  smaller  than  the  trial  area,  56.06  square 
inches,  but  near  enoiigh.  The  end  strut  01  will  be  taken  as  18 
inches  in  depth,  same  as  the  upper  chord,  and  the  radius  of  gyra- 
ration  will  be  nearly  the  same,  p  =  7.02.    The  length  of  the  strut 
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is  35.17  X  12  =  422.04  inches;  -  =  ^^-  =  60.12;  as  it  has  both 

7800 
pin  ends,  p  = z js  =  6961  pounds;  area  required  for  01 

^  30000  p* 
If flfJL  =  38.70  square  inches. 

1  cover-plate,  21  X  -jV  ^^'       =  11.31  sq.  in. 
Two  5  X  3  in.  angles,  45  lbs.  =    9.00  " 
Two  3  X  3  in.  angles,  25  lbs.  =    5.00 
Two  web-plates,  18  x  f  in.     =  13.50  " 

38.81  sq.  in. 


The  relative  dimensions  of  the  cover-plates,  angles,  and  web 
should  be  so  adjusted  that  the  centre  of  gravity  of  the  cross-section 
shall  not  deviate  far  from  the  centre  of  the  depth  of  the  beam. 
This  provides  space  above  the  pins  for  the  heads  of  the  web 
members.  The  centre  of  the  pins,  but  for  the  bending  action  of 
the  weight  of  the  beam,  should  pass  through  the  centre  of  gravity 
of  the  cross-section.  The  chord  should  be  deep  so  as  to  reduce  the 
bending.  It  is  sometimes  made  only  16  inches  for  a  200-foot  span, 
but  18  inches  is  to  be  preferred. 

The  upper  extremity  of  01  does  not  bear  against  the  chord; 
both  bear  directly  on  a  pin.  The  bearing  resistance  of  a  5-iuch 
pin  on  a  web  member  f  inch  thick  is  5  x  f  X  12,000  =  22,500 
pounds;  whereas  the  stress  in  the  end  strut  is  on  each  web  s.a.^^^sjl 
=  134,661  pounds,  and  on  the  web  of  the  chord  panel  1,  2,  ^JLym. 
=  130,527  pounds.  The  thickness  of  the  bearing  surface  to  resist 
this  latter  stress  would  be  5  X  ^  X  12,000  =  130,527,  or  t  =  2.17 
inches.  By  riveting  plates  to  both  the  inside  and  ontside  of  the 
web  of  the  end  post  and  chord  the  required  thickness  can  be 
secured.  It  would  be  better,  however,  to  increase  somewhat  the 
diameter  of  the  pin.  A  pin  5^  inches  diameter  would  require  a 
plate  thickness  of  5^  X  ^  X  12,000  =  130,527,  or  ^  =  1.98  inches, 
say  2  inches,  thick.  The  following  plates  should  then  be  riveted 
to  the  web  of  the  chord :  A  |-inch  plate  on  the  outside,  and  two 
plates,  respectively  i  and  f  inches  on  the  inside,  i  +  f  +  i  +  f 
=  2  inches.  Using  }-inch  rivets,  the  number  required  is  found  as 
follows  with  a  5i-inch  pin:  The  bearing  resistance  of  the  rein- 
forcing plates  will  be  respectively  5^  x  }  X  12,000  =  49y500 pounds; 
5i  X  i  X  12,000  =  33,000    pounds;     5^  X  f  X  12,000  =  24,750 
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pounds.  The  bearing  resistance  of  }-inch  rivet  will  be  respectiTely 
f  X  i  X  12,000  =  6750  pounds,  i  X  i  X  12,000  =  4500  pounds, 
and  }  X  S  X  12,000  =  3375  pounds.  This  requires  for  the  several 
plates  YrW  =  '^-^y  ¥rfW  =  7.4,  VW  =  ^.4,  in  all  23  rivets.  The 
shearing  strength  of  the  f  rivets  is  0.44  X  7500  =  3300  pounds  per 
rivet.  This  resistance  will  generally  be  found  in  excess  when  the 
bearing  resistance  is  secured.  The  same  thickness  of  plates  is  gener- 
ally used  at  the  end  of  the  inclined  strut  01,  but  arranged  some- 
what differently.  One  of  the  inside  thickening  plates  of  the  chord 
and  one  of  the  inside  plates  of  the  post  project  beyond  their  respec- 
tive ends,  and  are  so  cut  that  they  reach  into  the  ends  of  the  chord 
and  post,  overlapping  each  other.  These  are  called  "  jaw-plates,'' 
through  which  the  pin  passes.  This  arrangement  holds  the  ends 
of  the  chord  and  post  in  their  proper  position  and  prevents  any 
lateral  slipping.  The  other  thickening-plates  are  cut  square  with 
the  ends  of  the  chord  and  post  respectively,  and  simply  bear 
against  the  pin  on  surfaces  cut  to  fit  it,  a  fraction  less  than  a  semi- 
circle, as  the  ends  of  the  chord  and  post  are  separated  by  about  | 
inch.  The  exact  thickness  and  position  of  the  thickening  plates 
vary  with  the  taste  of  the  designer  or  the  convenience  of  construc- 
tion and  erection.  The  lower  extremity  of  the  end  post  also  rests 
against'  a  pin.  The  number  and  thickness  of  the  plates  at  this 
point  depends  on  the  vertical  component  of  the  stress  in  the  end 
strut,  and  with  the  same  size  pin  as  at  the  top  will  be  practically  the 
same.     The  required  thickness  on  each  side  of  the  centre  for  a 

26QS21 
5f  inch  pin  is  5^  X  ^  X  12,000  =  ~~^  (see  Figs.  346  and  349). 

.•.  ^  =  1.6  or  f  +  4  -f-  f  =  1.62  inches.  The  pin  rests  upon  vertical 
plates  riveted  to  a  base  composed  of  one  or  more  thick  plates  of  con- 
siderable area  so  as  to  distribute  the  pressure  over  a  large  surface. 
This  construction  is  called  the  pedestal.  The  end  lateral  braces  of 
the  lower  chord  are  connected  with  the  base-plate.  The  thickness 
of  the  vertical  plates  must  be  snflficient  to  bear  the  vertical  pressure. 
These  plates  may  be  collected  together  on  the  outside  or  inside  of 
the  web  of  the  end  post,  or  partly  on  both  sides.  This  latter  dis- 
tributes the  pressure  to  better  advantage  over  the  base-plate,  the 
proper  space  being  left  between  the  two  to  permit  easy  entrance  of 
the  sides  of  the  post,  and  also  the  bottom-chord  bars  of  the  end 
panel.  The  exact  arrangement  of  these  parts  is  also  a  matter  of  taste 
or  convenience.  The  following  figures  349  (a),  {b),  (c),  {d),  show 
these  details  at  the  upper  and  lower  ends  of  the  end  post  and  at  the 
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end  of  the  apper  chord.  Also  details  of  an  intermediate  poet  at 
apper  and  lower  extremity  for  connection  with  top  and  bottom 
chord  and  floor-beam. 

Figure  (a)  ahowB  connections  at  the  upper  extremity  of  the  end 
post  with  the  chord.  The  jaw-plate  riveted  to  the  end  post  is 
shown  in  full  lines  on  the  outside;  all  inside  plates  are  shown  by 
the  dotted  lines.  Figure  (e)  shows  lower  end  of  iuolinod  post  and 
aide  elevation  of  pedestal.  Figure  (c)  shows  vertical  crosa-section 
through  axis  of  lower  pin  and  perpendicular  to  the  plane  of  the 
trnss,  with  the  rertical  ribs  for  the  pin  bearing;  the  sum  of  their 


Fia8.849. 

tbickneeses  must  be  eqnal  to  the  bearing  resistance  of  the  pin,  and 
spaced  so  as  to  admit  entrance  of  the  end  of  the  strut  and  chord 
l^Ts.  Figure  ((^  shows  plan  of  pedestal  and  extended  plate  for 
lateral  connections,  i'igure  (b)  shows  the  connection  between  the 
posts  and  chords.  The  number  and  thickness  of  the  pin-plates  at 
the  top  depends  upon  the  stress  on  the  posts,  and  must  be  deter- 
mined for  each  post.  At  the  lower  ends  the  channels  extend  down- 
ward below  the  pin ;  to  these  angles  are  riveted,  and  to  these  plates 
riveted  to  the  floor-beams  at  their  ends  are  connected.  This  con- 
nection is  greatly  preferred  to  the  floor-beam  hangers.  About  13 
inches  to  the  left  of  the  upper  pin  the  connection  for  the  ends  of 
two  segments  is  shown,  cover-plates  being  used  on  top,  bottom,  and 
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both  sides.  The  number  atid  arrangement  of  the  rivets  are  Bhomt 
at  each  point  of  junction.  A  bent  cover-plate  is  also  placed  over 
the  joint  between  the  end  post  and  the  upper  chord.  Many  plates^ 
angles^  and  general  details  for  connection  of  the  lateral  or  wind 
bracing  are  not  shown^  but  the  above  diagrams  give  a  general  idea 
of  the  arrangement  and  dimensions  of  the  main  details^  all  of  which 
can  be  varied  to  a  greater  or  less  extent  according  to  the  ideas  of 
the  designer  or  the  peculiar  conditions  of  the  case.  It  is  evident 
that  a  smaller  pin  at  the  bottom  than  at  upper  extremity  of  the 
post  could  be  used,  but  it  would  require  an  increased  number  of 
thickening-plates  and  ribs  in  the  pedestal,  and  require  additional 
cost  and  labor  in  the  shops,  resulting  from  another  variation  in  the 
size  of  the  pins.  We  will  therefore  use  S^-inch  pins  for  the  end  post 
and  posts  2b  and  dc,  and  5-inch  pins  for  the  posts  4d  and  5e.  To 
determine  the  thickness  of  the  pin-plates  for  the  vertical  2b,  the 
pressure  on  the  strut  at  the  top  is  i-^y^A  =  69,814  pounds  on  each 

1*QQ14 

side  of  the  post.    Thickness  of  pin-plates  is  then  t  =  -j r'rru^\ 

=  1.06  inches,  one  plate  f  inch  outside  and  one  plate  |  inch 
inside;  one  }-inch  rivet  =  0.44  square  inch  area.  Hence  shearing 
resistance  of  one  rivet  7500  x  0.44  =t  3300  pounds,  and  the  number 
of  rivets  VgVo*"  =  21  rivets.  The  bearing  resistance  of  a  5^  pin  on 
a  |-inch  plate  is  5^  X  |.  X  12,000  —  41,250  pounds.  The  bearing 
resistance  of  a  J  rivet  on  a  f  plate  is  f  X  f  X  12,000  =  3375. 
Hence  the  number  of  rivets  required  to  fasten  the  |-inch  plate  to 
the  f-inch  plate  will  be  ViAV  =  ^2  rivets,  and  the  bearing  resistance 
of  21  rivets  connecting  the  f  plate  with  the  flanges  of  the  channel 
is  21  X  3375  =  70,785  pounds,  which  is  somewhat  greater  than  the 
pressure  on  one  side  of  the  post,  69,814  pounds.  Therefore  the 
above  arrangement  and  thickness  of  the  pin-plates  are  satisfactory. 
Two  i-inch  plates  might  have  been  used,  but  the  thinner  the  out- 
side plate  consistent  with  strength  the  better,  as  less  clear  width 
between  the  webs  of  the  chord,  and  as  consequence  a  smaller  pin, 
will  be  required. 

961.  The  bearing  on  the  lower-chord  pin  at  the  lower  extremity 
of  the  verticals  is  equal  to  the  pressure  on  the  post  increased  by 
the  lower-chord  panel  weight  due  to  both  dead  and  moving  loads. 
This  latter  will  be  taken  equal  to  the  tension  in  la  =  53,530  pounds. 
Hence  for  the  post  2b  the  pressure  on  each  pin-plate  will  be  69,814 

H s —  =  96,579  pounds;  hence  thickness  of  pin-plate  =rT — ToAna 
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=  1.46  inches  =  three  plates,  i  inch  =  1.5  inches;  the  riyets  re- 
quired =  -6o}^7  =  30.      The  bearing  resistance  of    these  rivets 

=  30  X  3375  =  101,250  pounds,  which  is  in  excess  of  the  total 
pressure.  The  rivets  near  the  pin-hole  must  be  countersunk,  so 
that  the  eye-bars  of  lb  brace  may  lie  close  to  the  post.  This  must 
be  done  whenever  plates  or  bars  have  to  be  placed  close  together. 
The  pin-plates  and  rivets  for  the  other  posts  are  determined  in 
exactly  the  same  manner,  the  actual  results  varying  as  the  pressure 
on  the  posts  vary,  decreasing  towards  the  centre  of  the  span. 
Where  counters  connect  with  the  top  of  the  posts  the  vertical 

component  of  the  initial  strain  of  5000  pounds  =  -r-^  =  4166 

pounds.  For  posb  4(f  as  two  counter-rods  connect  with  it,  the 
pressure  used  should  be  69,841  +  8332  =  78,173  pounds,  as  was 
stated.  These  counter  braces,  4c,  were  not  necessary,  but  are  usu- 
ally inserted.  Post  oe  has,  however,  four  counter-rods  connected 
^t  its  upper  extremity,  5c?  and  5/,  which  are  necessary;  and  the 
pressure  to  be  used  in  calculating  the  thickness  of  the  top  pin- 
plates  =  36,463  +  16,664  =  53,127  pounds,  and  for  the  bottom 
pin-plates  =  53,127  +  53,530=  106,657  pounds,  from  which  the 
thickness  of  the  pin-plates  and  the  number  of  rivets  can  be  calcu- 
lated. The  above  pressures  must  be  divided  by  2  for  each  side  of 
the  centre  of  the  pins. 

962.  To  determine  whether  the  web  of  the  upper  chord  needs 
thickeniug-plates  near  the  pins,  find  the  horizontal  component  of 
the  stress  on  the  diagonal  meeting  at  that  point.     Taking,  for  in- 

112049 
stance,  the  panel  point  3,  the  stress  on  one  of  the  bars  Zd  =  — ^ — 

=  56,025  pounds;  the  horizontal  component  of  this  stress  is  := 

cd  (     20\ 
56,025  X  r-^  I  =  Tj-^j  =  31,125  pounds.     The  web-plate  of  the  upper 

chord  3,  4  is  \i  inch  thick;  the  bearing  resistance  of  a  5-inch  pin 

is  5  X  i^  X  12,000  =  37,500  pounds.     Therefore  no  plate  is  needed 

at  that  point,  and  evidently  none  can  be  required  between  this 

point  and  the  centre  of  the  span.    At  the  joint  2  we  have  the  hori- 

*  1  X     *    XI.       X  •      n        20       160952      ,,  ^^^ 

zontal  component  of    the    stress  in   2c  =  -7;  X  — r —  =  44,709 

00  3 

pounds  for  each  bar.     The  bearing  resistance  of  a  5i-inch  pin  on 

web-plate  2,  3,  Jf  inch  thick,  =  5^  x  ^  X  12,000  =  35,040  pounds. 

Hence  44,709  —  35,040  =  9769  pounds,  which  must  be  carried  by  a 
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9679 
thickening-plate;  t  =  -r r^?^  =  ^-^^  ^^^'^^  ^^  ^^®  P^**®  i  ^^^^ 

thick  riveted  to  each  web-plate.    The  shearing  resistance  of  }  rivets 

9769 
=  3300  pounds.    Hence  -^^-^rp:  =  3  rivets.     The  bearing  resistance 

9769 
=  i  X  i  X  12,000  =  2250  pounds.    Hence  ^^^  =  4.3  rivets;  say, 

six  rivets.  At  the  joints  between  two  segments  of  the  upper  chord, 
which  should  always  be  near  a  panel  point,  where  the  bending 
action  is  small,  the  main  duty  of  the  cover-plate  is  to  hold  the  ends 
together.  If  the  ends  are  not  cut  true  they  must  have  the  bear- 
ing resistance  on  the  rivets  on  either  side  of  the  joint  equal  to  the 
stress  in  the  panel  where  the  joint  is  made.  As  shown  in  figure  349 
(b),  paragraph  960,  the  joint  is  in  panel  1,  2,  where  the  stress  is 
261,053  pounds,  or  130,527  on  each  side.  Using,  then,  on  the  sides 
a  I  and  f  inch  plate  as  in  the  figure,  and  on  top  and  bottom  f-inch 
plates,  we  have  for  the  |-inch  plate,  twelve  rivets,  bearing  resistance 
5625  X  12  =  67,500  pounds;  |-inch  plates,  eight  rivets,  3375  X  8  = 
27,000  pounds;  and  in  the  top  and  bottom  f-inch  plates,  twelve 
rivets  in  the  two,  3375  x  12  =  40,500  pounds.  Total  beariug 
resistance  135,000  pounds.  The  total  shearing  resistance  of  thirty- 
two  rivets  in  single  shear  would  be  3300  X  32  =  105,600;  but 
twelve  of  these  would  be  in  double  shear,  which  would  add  39,600 
pounds  to  the  above,  or  a  total'  shearing  resistance  of  144,200 
pounds.  It  is  easy  by  lengthening  the  plates  to  increase  the  num- 
ber of  rivets  to  any  desired  extent  to  insure  perfect  safety.  The 
under  side  of  the  bottom  chord  and  end  posts  are  latticed.  The 
usual  lattice-bars  are  4  X  f  inches,  two  rivets  at  each  end.  At  the 
ends  andjiear  the  joints  in  the  chord  segments  broad  plates  are 
used.  For  the  intermediate  posts,  which  are  latticed  on  both  sides, 
2  X  -]V  iuches  will  do.  The  lattice-bars  make  an  angle  about  60^ 
with  the  axis  of  the  member. 

FLOOR-BEAMS  AND  STRINCTERS. 

963.  In  the  preceding  example  the  determination  of  the  stresses 
in  and  dimensions  of  the  several  members  of  the  Pratt  truss  and 
the  loads  assumed  having  been  fully  discussed,  the  floor  systems 
will  now  be  briefly  considered.  The  length  of  the  floor-beams  will 
vary  with  the  width  from  centre  to  centre  of  the  trusses,  and  the 
mode  of  supporting  the  ends. 
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In  iron  and  steel  bridges  of  the  present  day  they  are  rigidly 
connected  with  the  posts  by  means  of  plates  and  rivets.  Floor- 
beams  are  suspended  by  hangers  in  small  bridges  and  highway 
bridges. 

The  length  of  the  stringers  depends  upon  the  length  of  the 
panels.  They  may  rest  on  top  of  the  floor-beams^  or  they  may  be 
riveted  to  the  web-plates  of  the  floor-beams. 

The  dimensions  of  floor-beams  and  stringers  discussed  in  this 
and  the  following  paragraphs  are  taken  without  reference  to  any 
particular  bridge.    . 

The  rails  of  the  track  rest  upon  cross-ties  supported  by  the 
stringers.  These  cross-ties  act  as  floor-beams^  as  the  stringers  are 
not  placed  directly  under  the  rails.  Guard-rails  are  bolted  to4;he 
ties. 

The  flanges  are  supposed  to  resist  the  whole  bending  action  of 
the  loads,  and  the  web  to  resist  the  shears.  The  following  data  are 
assumed: 

The  dimensions  of  the  floor-beam  are  as  follows :  Length,  20  feet; 
depth,  36  inches;  between  rivet-holes,  33  inches.  The  loads  will  be 
the  reactions  of  stringers,  25  feet  long,  riveted  to  the  web  of  the 
floor-beams  at  -4,  J9,  and  B,  and  placed  6-foot  centres,  carrying  a 
consolidation  locomotive  with  the  concentrated  wheel-weights  and 
distance  apart  oi  wheels  as  shown  in  Fig.  351. 


It  can  be  shown  that  the  greatest  reaction  will  occur  when  the 
load  on  the  two  stringers  on  opposite  sides  of  the  floor-Beams  are 
equal  to  each  other.  This  condition  can  rarely  be  fulfilled  exactly 
without  placing  one  of  the  wheels  over  the  floor-beam,  and  arbi- 
trarily dividing  that  weight  between  the  two  stringers  so  as  to 
make  them  bear  the  same  load.  This  has  to  be  done  also  in 
locating  the  rolling  load  to  determine  the  maximum  bending  mo- 
ment and  maximum  shear  on  girders  or  stringers.  Therefore  in 
Fig.  350  we  place  the  third  driver  D  over  the  floor-beam  in  ques- 
tion, and  by  supposing  9000  pounds  of  this  weight  to  rest  on  the 
stringer  to  the  right  and  1500  on  the  one  to  the  left,  we  find  that 
we  have  on  the  left  the  front  truck  15,000  +  2  drivers  48,000  + 
15,000  from  D  =  78,000  pounds;  and  on  the  right  1  driver  24,000 
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+  3  tender-wheels  45,000  +  9000  from  D  =  78,000  pounds.  This 
location  of  the  load  has  to  be  made  by  trial,  but  can  be  closely  ap- 
proximated by  inspection.  Now,  having  the  position  of  the  loads 
on  the  stringers  so  as  to  produce  the  maximum  reaction  at  R,  we 
find  this  reaction  as  follows:  Multiply  each  load  by  its  distance 
from  the  other  end  of  the  stringera  at  R^  and  J?,,  and  divide  by 
the  length  of  the  stringer.  The  sum  of  all  these  quantities  will  be 
the  desired  reaction.  If  the  spans  are  unequal^  let  /  and  l^  be  their 
respective  lengths;  «;,,  w,,  w,  the  loads  on  Z,  and  w,,  tr,,  w,,  tr^ 
the  loads  on  /,;  a:, ,  rr,,  .r,,  etc.,  their  respective- distances  from  5, 
and  jS,.    Then  the  reaction  at  R  will  be 

^  ^  w,x^  +  t^,a;,  +  xo^x^  ^  w,x^  +  n\a\  +  to,^,  +  w,^»  ^  ^^  ^  ^.^^j 


"'    jj'X     .'."    ^io:d:i.i;^lv:^     '  -  "X'lCH^'iifk  .'TT ' 
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Fig.  851. 
Note.— Figs. _850  and  331  nre  to  be  considered  together.     Fig.  350  shows  the 

conned  ions  t)elweeu  stringers  and  tlobr-benins. 

w,,  70 ^y  w, ,  and  w^  =  15,000  pounds;  w,,  w^,  w^,  and  w^  =  24,000 
pounds.  Assuming  ?  ~  /,  =  25  feet,  and  substituting  in  eq.  (551), 
R  =  96,960  pounds,  the  entire  load  on  the  two  spans  =  156,000 
pounds.  If  this  load  were  uniformly  distributed  over  the  entire 
length  and  the  two  spans  supposed  to  be  continuous,  then  R  would 
be  =  t  X  156,000  =  97,506.  Specifications  generally  call  for  the  load 
on  the  bridge  to  consist  of  two  consolidation  locomotives  followed 
by  a  uniform  load  of  either  2240  or  3000  pounds  per  lineal  foot 
The  latter  load  on  the  two  spans  I  and  I,  would  be  3000  X  50  = 
150,000  pounds;  the  reaction  R  from  this  load  would  then  be  = 
^  X  150,000  =  93,750  pounds.  So  we  may  conclude  that  the  above 
value  of  ^  =  96,960  pounds  will  be  the  maximum  reaction.  It  is 
generally  intended  that  the  prescribed  uniform  load  will  approx- 
imate to  the  equivalent  uniform  load,  or  that  which  will  give  the 
same  centre  bending  moment  as  the  actual  wheel  concentrations 
will  give.  The  above  loading  is  to  be  divided  between  the  two 
stringers;  hence  R  for  one  line  of  stringers  =  48,375  pounds,  which 
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is  supposed  to  act  at  A  and  B  (Fig.  352).  As  this  is  the  reaction 
due  to  the  rolling  load^  we  must  add  that  due  to  weight  of  stringers. 
This  has  to  be  assumed  in  the  first  calculation^  and  if  it  does  not 
agree  with  the  actual  weight  thus  founds  a  new  weight  must  be 
taken  and  the  calculation  made  again.  To  calculate  the  weight  of 
stringer  now  under  consideration  would  require  a  new  distribution 
of  the  load  in  order  to  find  maximum  bending  moment  and  shear- 
ing stress.  As  the  stringer  under  consideration  carries  a  heavy 
load^  we  will  take  it  at,  say,  200  pounds  per  foot,  and  assuming 
weight  of  cross-ties,  guard-rails,  iron  rails,  etc.,  at  200  pounds,  we 
can  safely  say  that  the  total  dead  load  will  be  400  pounds  per  lineal 
foot  of  stringer.  This  is  one  half  of  the  weight  of  the  cross-ties, 
guard-rails,  iron  rails,  spikes,  etc.,  per  foot  plus  the  weight  of  the 
stringer  per  foot.  We  would  then  have  the  reaction  due  to  the  dead 
ioad,  400  X  25  =  10,000  pounds,  which  added  to  the  reaction  found 
a^ove  for  the  live  load,  gives  48,375  +  10,000  =  58,375  pounds,  as 
the  final  load  transmitted  to  the  floor-beams  at  A  and  B  by  each 
stringer.  We  are  now  prepared  to  find  the  proper  dimensions  of 
the  floor-beam.  The  weight  of  this  will  have  to  be  assumed,  as  we 
have  taken  heavy  moving  loads,  giving  a  large  reaction.  We  will 
take  a  floor-beam  36  inches  deep,  tasib\h% 
33  inches  between  rivet-hole  cen-  "  V8j6^S*-a2^*t^— t-o-q — ^ 
tres,  weighing  200  pounds  per  foot 
of  length;  hence  total  weight 
200  X  20  =  4000  pounds.  The 
bending  moments  (see  Pig.  352.)  at 
points  half  way  between  end  of 
beam  and  Ay  where  the  stringer  rests,  at  J,  and  at  the  centre,  will 
be  as  follows :  The  moment  at  the  centre  will  be  the  same  as  at  ^ 
and  B.  That  due  to  the  dead  load  or  weight  of  beam  will  vary  at 
each  point,  and  will  give  the  following  combined  moments : 


,     58376 
P         ♦Rr 


Fio  852. 


At  Z>,  live  load  58,375  X  3.25  +  dead  load  2000  X  3.25  -  200 
X  3.25  X  ^  =  195,162.5;  flange  strain,  P,  =^^^!?'^  =  '^0,968 

pounds.     (Eq.  (2).) 

At  A,  live   load  58,375  X  6.5  -f  dead  load   2000  x  6.5  -  200 

X  6.5  X  -^  =  388^12,5;  flange  strain,  P,  =      ,.  '"'"  =  141,167 

pounds.     (Eq.  (3).) 

At  C,  live  load  58,375  X  6.5  +  dead  load  2000  X  10  -  200  X  10 
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X  ^  =  389,437.5;  flange  strain,  P  =      ^^'     =  141,614  pounds. 

(Eq.  (4).) 

If  we  only  allow  7000  pounds  per  square  inch  in  compression, 
the  flange  area  at  the  three  points  will  be,  respectiyely, 

at  i)  =  10.14  sq.  in.,-  at  ^  =  20.17  sq.  in.;  at  (7  =  20.23  sq.  in.; 

and  allowing  8000  for  the  lower  or  tension  flange, 

at  Z>  =  8.86  sq.  in.;  at  ^  =  17.65;  and  at  C  =:  17.8  sq.  in. 

The  following  flanges  will  satisfy  the  above  requirements: 

Top  flanges,  two  5-in.  X  4-in.  angles,  each  55  lbs.  per  yd.,  11  sq.  in. 
One  cover-plate,  i  in.  thick  X  12  in.  or  two  |  in.  X  12  in.  9  "    *' 

20  "    " 
Bottom  flange,  two  5-in.  X  4-in.  angles,  55  lbs.  per  yd.,      11  sq.  in. 
"  **       one  cover-plate  }  in.  or  two  plates  f  in.  x  12,   9  "    " 


20  "    " 

This  allows  in  the  bottom  flange  for  loss  in  punching  holes  only 
2  inches  of  metal,  whereas  the  actual  loss  is  3.8  square  inches. 
This  would  doubtless  be  safe,  as  we  have  only  allowed  8000  pounds 
per  square  inch  resistance;  and  with  9000  pounds,  which  gives  a 
safety  factor  of  5,  the  required  area  would  be  15.74  square  inches; 
or  if  we  had  increased  the  total  depth  of  beam  from  36  to  40,  there 
would  have  been  required  16.22  square  inches.  This  latter  would 
be  better,  as  then  the  required  area  of  the  top  flange  would  be 
reduced  to  18.54  square  inches,  and  in  addition  the  stiffness  of  the 
beam  would  be  greatly  increased. 

To  determine  the  thickness  of  the  web  of  the  floor-beam,  find 

the  reaction  at  either  end.     This  is  equal  to  the  weight  of  one  half 

of  the  floor-beam  added  to  the  stringer  reaction,  2000  +  58,375  = 

60,375  pounds;  allowing  5000  pounds  per  square  inch,  ^^^  = 

12.07 
12.07  square  inches;   and  thickness,     ^'      =  0.37  in.  =  f  inch. 

With  such  heavy  loads  it  would  be  as  well  to  reinforce  the  web 
where  the  stringers  rest  by  riveting  plates  to  the  web  of  the  floor- 
beam.     Stiffeners  should  also  be  introduced  between  the  ends  and 
the  stringers,  and  heavy  angles  at  the  ends  of  the  floor-beam. 
We  oan  now  proceed  to  determine  the  number  of  rivets,  based 


DESIGNING   OF  SIMPLE  TRUSSES.  1099 


on  the  supposition  that  the  rivets  transmit  the  stresses  to  the 
flanges.  As  we  have  already  seen  that  the  flange  stresses  increase 
from  the  end  towards  the  centre^  yiz.^  from  the  end  of  the  stringer 
to  Dy  it  is  (eq.  (2) )  70,968-  pounds;  the  resistance  of  the  web  to 
crushing  at  the  rivet  bearing  is  J  X  f  X  9000  pounds  (as  in  preced- 
ing example)  =  3000  pounds.  Hence  number  of  rivets  between  R 
and  D  =  '^^^  =  24,  distributed  over  3.25  feet;  hence  fj  =  1.6 
inches  rivet  centres.  In  the  next  section  we  have  only  to  provide 
for  the  increase  of  flange  strain,  or  141,167—70,968=70,199  pounds. 
Vo^oV  =  ^3  rivets;  fj  =  1.7  inches,  distance  apart  of  rivets;  and  in 
the  section  from  D  to  C,  141,614  —  141,167  =  447  pounds,  for  which 
one  rivet  would  be  required.  It  is  plain  that  in  the  end  sections 
the  rivets  are  too  close  together  and  in  the  middle  sections  they  are 
too  far  apart,  and  if  we  space  them  2^  inches  apart  for  seven  feet 
from  each  end  and  6  inches  the  balance  of  the  length  the  conditions 
of  safety  will  be  f ulfllled.  If  we  had  made  the  web  f  inch  thick,  in 
which  the  safe  bearing  of  the  rivet  would  be  |  X  |  X  9000  =  5000 
pounds,  and  \^^  =  14  rivets,  spaced  |f  =  2.8  inches  in  the  first 
two  sections  from  the  end,  that  is,  from  R  to  Ay  in  either  event  the 
rivets  between  A  and  B  should  not  be  more  than  from  6  to  9  inches 
apart,  in  order  to  avoid  too  great  a  length  of  small  columns  under 
compression.  The  same  spacing  of  the  rivets  will  exist  in  the  bot- 
tom flange.  For  the  rivets  in  the  cover-plate  we  proceed  as  in  the 
preceding  example.  It  is  better  to  use  one  thick  plate  than  two 
thinner  ones.  Using,  then,  the  |-inch  plate  and  }-inch  rivets,  we 
have,  for  the  bearing  power  of  each  rivet,  J  X  i  X  9000  =  5062 
pounds;  |-inch  cover-plate  12  inches  broad  would  contain  J  X  12 
=  9  square  inches.  Total  resistance  to  crushing  would  be  9  X  7000 
=  63,000  pounds;  hence  ^VW^  =  12.5  rivets,  or  say  14  rivets,  seven 
on  each  side,'to  be  distributed  over  10  feet,  or  ^^^  =  17  inches  rivet 
centres.  But  the  plate  being  only  }  inch  thick,  for  reasons  above 
stated  the  rivets  should  not  be  over  f  X  10  =  7.5  inches.  This 
would,  no  doubt,  be  sufficient,  but  as  a  fact  in  practice  they  are 
placed  at  about  3-inch  centres  near  the  end,  and  increasing  to  6 
inches  near  the  centre.  The  only  difference  in  the  bottom  cover- 
plate  is  that  8000  pounds  is  allowed,  and  the  effective  area  is  12  — 
1.5  (for  rivet-holes)  =  10.5  in.  X  i  =  7.9  sq.  in.  X  8000  =  63,200 
pounds,  which  gives,  as  above,  14  rivets.  But  to  make  the  parts 
act  together  as  one  whole,  the  rivets  in  the  bottom  flange  are  seldom 
spaced  more  than  from  6  to  8  inches  apart,  and  one  half  of  this  dis- 
tance for  about  three  rivets  from  the  end. 
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In  the  floor-beam  under  consideration  the  stringer  is  riveted  to 
the  web  of  the  floor-beam;  therefore  it  remains  to  determine  the 
number  of  rivets  required.  At  each  end  of  the  stringer  angle- 
irons  must  be  riveted  of  sufficient  cross-section  to  carry  the  reac- 
tion at  the  end.  The  reaction  in  this  case,  as  will  be  shown  in  the 
next  paragraph,  for  the  assumed  rolling  load  is  34,190  pounds;  one 
half  the  weight  of  the  stringer  is  5000  pounds;  total  reaction  at 
end  of  stringer  39,190  pounds.  Allowing  4000  pounds  per  square 
inch,  VoW  —  ^'"^^  square  inches;  two  5  in.  x  4  inch  angles,  55 
pounds  per  yard,  give  11  square  inches.  These  are  to  be  riveted 
to  the  ends  of  the  stringers  and  should  extend  the  full  depth 
between  the  flange  angles  top  and  bottom,  fillers  being  placed  be- 
tween them  and  the  web  of  the  floor-beam  of  the  thickness  of  the 
heavier  flange-angles,  as  they  both  strengthen  the  web  and  are  nec- 
essary for  a  full  and  close  fit  of  end  angles.  Intermediate  stiffen- 
ers,  4x4  inch,  35  pounds,  will  also  be  riveted  to  the  web  of  the 
floor-beam.  If  the  ends  of  these  cannot  be  easily  bent  to  fit  the 
flange  angles,  fillers  must  also  be  used  between  them  and  the  web. 

Now  to  determine  the  number  of  rivets  necessary  to  transfer  the 
locomotive  reaction  at  the  stringer  ends,  we  have,  as  found  in  equa- 
tion (551),  Figs.  350  and  351,  72  =  48,375  +  dead  load  10,000  = 
58,375  pounds,  and  allowing  3000  pounds  for  resistance  of  web  at 
rivet  bearing,  ^ViiV"  =  ^^  rivets,  or  ten  rivets  in  each  end  angle- 
iron,  as  seen  in  Fig.  352.  For  the  end  angles  of  the  floor-beam  we 
have,  first,  the  reaction  above,  and,  second,  the  one  half  weight  of 
the  floor-beam  =  58,375  +  200  X  10  =  60,375  pounds,  or  metal  area 
ftj0y3^^6  =  15.09  square  inches.  Two  6x4  inch  angles,  75  pounds  per 
yard,  are  sufficient.  The  number  of  rivets  required  for  these  would 
be  VW(f  =  ^^'  1  rivets,  as  seen  in  Fig.  352.  Intermediate  stiffen- 
ers,  two  4x4  inch,  35  pounds. 

The  bill  of  material  for  floor-beam  as  calculated  is  as  follows: 

1  wcb-plate  86  X I  io.  x  20  ft.,  15  pounds  per  square  foot 900  lb«. 

2  upper-flange  angles,  each  5  X  4  in.  X  20  ft.,  55  pounds  per  yard,  t . .    733  " 

1  cover-plate  12  X  f  in.  X  20  ft.,  30  pounds  per  square  foot SOO   *' 

2  bottom-flange  angles,  each  5x4  in.  x 20  ft.,  55  pounds  per  yard  . .    738 

1  *  •  •  •      cover-plate  12  X  f  in.  X  20  ft.,  30  lbs.  per  square  foot  600 

4  end  angle-irons,  each  6 X 4  in.  X  8  ft.,  75  pounds  per  yard 300 

4  intermediate  angles  4x4  in.  X  8  ft.,  85  pounds  per  yard 140 

4  filling-plates,  ends,  6  X  f  in.  X  2^  ft.,  25  pounds  per  square  foot ...  120 

8  '*  4X1  in. X2i  ft.,  25  pounds  per  square  foot 154  " 

2  heads  for  |-in.  rivets  weigh  i  lb.,  J-in.  rivets  |  lb. ;  say  200  " 


«« 

ti 
« 

•  4 


Total  weight  of  floor-beam 4480 


II 
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This  is  ^fj^  =  224  pounds  per  foot,  which  is  24  pounds  per  foot 
more  than  was  assumed.  Strictly  speaking,  a  recalculation  should 
be  made,  with  a  weight  of,  say,  230  pounds  per  foot  of  length  for  th& 
beam.  All  parts  in  the  above  bill  of  iron,  except  in  the  web-plate> 
are  very  heavy  per  yard  of  length,  as  about  the  heaviest  type  of 
engine  was  used,  and  a  long  floor-beam  for  a  single  track,  carrying 
long  stringers.  For  instance,  in  the  strain-sheet  for  the  floor- 
beams  of  a  bridge  415'  llf "  long,  length  of  floor-beam  20  feet,, 
carrying  stringers  24'  llj"  long,  designed  by  the  Keystone  Bridge 
Company,  the  bill  of  material  for  the  floor-beam  is  given  aa 
follows : 


it 


2  upper-flnnge  angles  8i  X  5  in.  X  20  ft.,  20.3  pounds  per  foot 812  lbs. 

2  boitom-tlauge  niigles  3^  X  5  in.  X  20  ft.,  18.4  pounds  per  foot 736 

Web  36 xVk  in.  X  20  ft.,  18  pounds  per  square  foot 1080 

(No  cover-plates  were  used;  and  no  allowance  for  stiffeners,  end 
angles,  tillers,  rivets,  etc.,  appears.  These,  except  the  cover- 
plates,  will  be  added  of  the  ordinary  dimensions.) 

4  end  angles  5x4  in.,  36  pounds  per  yard,  each  3  feet  long 144 

8  stiffening  angles  3x 2^  in.X  3  ft.,  16  pounds  per  yard 128 

4  fillers  3 X f  in. X  2^  ft.,  80  pounds  per  square  foot 70 

8     '•     5xf  in.X2ift.,  80      "         "         "        *'  240 

Allow  for  rivets 150    " 

Total  weight  of  a  floor-beam 8860 


<r 

(< 
If 
«< 
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Weight  per  foot  of  length  ^ff^  =  168  pounds.  If  in  the  above 
two  upper-flange  angles  5X4  inches,  36  pounds  per  yard,  and  a 
cover-plate  to  correspond  had  been  used,  the  same  strength  could 
have  been  secured.  The  beam  is  strong  enough  for  the  type  of 
engine  used  in  Pig.  353  (b),  followed  by  a  train  load  of  2240  pounds 
per  foot  of  length  of  stringers.  This  and  the  other  type  of  engine 
used  in  Fig.  352,  followed  by  a  train  load  of  3000  pounds  per  foot, 
may  be  taken  as  the  extremes  of  light  and  heavy  rolling  loads. 
Where  cover-plates  can  be  dispensed  with  it  is  to  be  preferred, 
especially  in  the  bottom  flange,  as  it  saves  labor  of  punching  holes, 
lose  of  material  resulting  thereby,  and  is  simpler  and  more  solid, — 
all  of  which  considerations  are  of  some  moment.  Cover-plates  are 
not  necessary  when  angle-irons  not  over  |  inch  thick  will  answer. 
Angle-irons  are  generally  spoken  of  by  their  weight  per  yard  or  per 
foot  of  length.  Their  area  in  square  inches  is  equal  to  one  tenth 
of  their  weight  per  yard.  For  any  definite  length  of  legs  angle- 
irons  vary  in  weight  between  certain  limits.  For  instance,  a 
5  X  3i  inch  angle  varies  from  30.5  to  58.1  pounds  per  yard,  and 
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€ontains  in  cross-section  from  3.05  to  5.81  square  inches.  Angles 
Are  formed  of  almost  any  size  from  J  X  i  inch,  weighing  from- 1.72 
to  2.46  pounds  per  yard,  from  i  to  ^\  inch  in  thickness,  to  angles 
6x6  inches,  weighing  from  57.5  to  97.3  pounds  per  yard,  and  from 
4^  to  )  inch  thick;  and  between  these  limits  almost  any  combina- 
tions of  lengths  of  arms,  weight  per  yard,  thickness  and  area  of 
cross-section  can  be  obtained.  As  mentioned  elsewhere,  it  is  better 
to  use  those  dimensions  and  weights  that  are  made  by  the  iron  and 
steel  companies  rather  than  insisting  upon  unusual  thicknesses  and 
weights. 

964.  To  close  this  part  of  the  subject  we  will  determine  the 
dimensions  of  the  stringers  resting  on  the  floor-beam  considered, 
and  the  locomotive  weights  used  in  the  last  paragraph,  principally 
to  show  how  the  reactions  at  the  end  of  the  stringers  were  found, 
and  the  principles  upon  which  the  length  and  thickness  of  the 
cover-plates  are  determined  when  two  or  more  layers  are  required. 

The  stringer  Pig.  350  will  be  taken  at  25  ft.  long,  2.5  deep, 
weighing  200  lbs.  per  lineal  foot.  The  type  of  engine  Fig.  351, 
paragraph  963,  will  be  used.  Flange  stresses  will  be  found  at  points 
3,  6,  and  9  ft.  from  the  end  and  at  the  centre.  The  position  of  the 
rolling  load  for  maximum  bending  moment,  by  the  principles  estab- 
lished in  paragraph  883,  will  be  as  shown  in  Fig.  353  annexed,  and 
the  flange  stresses  at  the  above  points  will  be  as  follows:  It  will  be 

c 


observed  that  we  can  get  the  front  truck  and  the  four  drivers  in  a 
length  of  25  ft.  The  centre  of  gravity  of  these  loads  will  be  found 
to  be  0.2  ft.  in  front  of  wheel  C.  The  second  driver  from  the  end, 
the  load  for  maximum  bending,  must  be  moved  then  until  the 
centre  of  the  span  is  0.1  in  front  of  this  wheel,  the  point  of  greatest 
bending  being  also  0.1  ft.  from  the  centre  of  the  span  on  the  other 
side.     For  this  position  of  the  load  we  have 

^  ^  24000118.15 +  12_40+ 7.90 +3.40)  ^  ^^^^^^  ^^^ 
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divided  between  two  stringers* 
B  =  —^  =  20,088  lbs. 


Beaction  due  to  dead  load,  400  X  25  h-  2  =  5000  lbs. 

Hence  final  moments  M^  between  R  and  A,  M^  between  A  and  B^ 
M^  between  B  and  i>,  and  M^  between  D  and  C,  and  the  yalues  of 
the  flange  stresses  P^ ,  P, ,  P, ,  P,  in  the  same  sections,  are : 

Jf,=20,088x3+5000X3.0-400x3Xi  =  T3,464=P,x2.25  feet; 

.-.  P,  =  36,655  lbs. 

Jlf,=20,088x6+5000x6.0-400x6xf=143,328=P,x2.25feet; 

/.  P.  =  63,700  lbs. 

J/,=20,088X 9+5000x9.0-  ^^^  X 2.15-400 X 9 X|=  183,792= 
P,X2.25  feet,  P,=81,685  lbs. 

if,  =  20,088X12.5 +5000X12.5-  ^|^  X  5.65 -400  X  12.5  X  H^  = 
217,050=P,X  2.25  feet  P,=96,467. 

Sequired  npper  flange  area  at  C  =  ^ftW  =  13.78  sq.  in.; 
lower      "        «    "  (7  =  J^VW  =  1^.08  sq.  in. 

Upper  flange,  2Z«  5  X  4  in.,  47  lbs.  per  yard;  area,  9.4  sq.  in. 
1  cover-plate,  12  x  f 4.5 
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13.9  sq.  in. 
Bottom  flange,  2^*5X4  in.,  62  lbs.  per  yard,  area  =  12.4  "     " 

Greatest  reaction  at  end  of  stringer,  39,190  lbs.;  ^jW  =  ^-^ 
gq.  in.;  web, 27  X  |  =  10.12  sq.  in. ;  end  angles,  %W  =  9.8sq. in.; 
2Z.S  5  X  4in.,55  lbs.  =  11  sq.  in.;  4  fillers,  4  X  H  in.;  8Z«4  X  3 
in.,  20.9  lbs.     No  fillers  needed,  as  they  can  be  bent  at  ends  to  fit. 

The  principle  upon  which  the  greatest  shear  in  any  section  or 
panel  can  be  obtained  is  seen  in  equa.  (524) — that  for  the  greatest 
shear  the  load  that  it  contains  multiplied  by  the  total  number  of 
panels  in  the  span  must  be  equal  to  or  nearly  equal  to  the  entire 
load  on  the  span;  in  symbols,  n(w^  +  «",+  ...)  =  0'^  +  ^^»  + 
w,  + . . .  w,.  This  condition  will  be  nearer  fulfilled  by  placing  the 
front  driver  at  or  near  the  point  of  support  at  R  (see  Fig.  353). 
We  then  have  the  four  drivers  and  one  wheel  of  the  tender  on  the 
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stringer.    Hence 

_  24000(19.25  +  14.75  +  10.25)       24000      15000  X  3.17 
* "  2  X  25  "^     2      "^       2  X  25 

=  34,190  lbs., 

to  which  add  5000  lbs.  for  dead  load.  R  =  E,  +  5000  =  39,190  lbs., 
as  already  used  on  page  1100.  The  panels  or  sections  in  this  case 
may  be  from  2^  to  4  ft.  long.  As  the  load  rests  on  top  of  the 
stringer,  the  greatest  load  that  can  rest  on  any  of  the  3-foot  sections 
into  which  we  have  divided  the  stringer  will  be  aa^jul  =  12,000 
lbs.  The  flange  strain,  as  seen  above^  varies  from  section  to  section. 
The  increments  are  as  follows: 


Flange  strain  P^ 

P. 


if 


it 
a 


-P 


P  —P 
P. -P. 


betw.  P  and  ^  ~  36,655  lbs. 

63,700  -  36,655 

:  80,352  -  63,700 

96,467  -  80,352 


a 


a 


a 


A  ''  B 
B  ''  D 
D  ''    C 


36,655  lbs. 
27,045  " 
16,652  " 
16,115  « 


The  flange  strain  is  horizontal,  and  distributed  over  the  section; 
the  load  is  vertical,  and  may  be  taken  as  uniformly  distributed  over 
the  same  distance,  which  is  generally  taken  equal  to  the  depth  of 
the  beam,  which  would  be  2.5  ft.;  but  as  this  is  somewhat  arbitrary^ 
the  distance  has  been  taken  in  this  example  at  3  ft.  The  shear  on 
the  rivets  between  these  points  will  be  the  resultant  of  these  forces. 


5,  betw. 

R  and  A 

«.     " 

A   "    B 

*,     " 

B   "    D 

s.     " 

D   "    C 

=  4/(36655)»  +  (12000)*  =  38,569  lbs.; 
=  4^(27045)'  +  (12000)'  =  29,589    " 
=  |/(16652)'  +  (12000)'  =  20,525    " 
=  i/(16115)'  +  (12000)'  =  20,092    " 


(1) 


These  amounts  divided  by  3000  will  give  the  number  of  rivets 
in  pounds. 

In  the  following  example  a  Howe  truss  deck-span  will  be  used, 
having  an  odd  number  of  panels. 

965.  The  rolling  load  will  consist  of  two  consolidation  engines^ 


li 


i^rlf    0(t)(bm 


iS 


,     ,       .     ,    4^-H^ — 0  00  9 

Fio.  858  {b). 
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followed  by  a  uniform  load  of  2240  pounds  per  linear  foot.  The 
above  diagram  shows  the  weights  on  each  pair  of  wheels,  with  the 
distances  between  them.  In  this  example  the  equivalent  uniform 
load  will  be  determined  and  used ;  hence  it  will  only  be  necessary 
to  find  the  bending  moment  at  the  centre  of  the  span  from  the 
actual  wheel  concentrations. 

The  following  is  a  skeleton  sketch  of  the  truss  (see  Fig.  354): 
Length  of  span  =  185.0  ft.;  9  panels,  each  20.55  ft.;  depth  of 


c      d      ^.     f 
Fig.  864. 

truss  =  27  ft.  It  will  be  found  that  when  w^^  =  Wn^  is  just  to  the 
left  of  the  point  d  that  the  condition  for  a  maximum  bending  is 
obtained.  w„  will  then  be  Wn,-i«  There  will  be  about  67  ft.  of 
rolling  uniform  load  on  the  bridge  =  2240  X  67  =  150,080  pounds. 
Only  one  half  of  this,  as  well  as  the  wheel  concentrations  given 
above,  will  be  carried  by  each  of  the  two  trusses:  t^,  +  w,  +  «?, 
H-  .  .  .  +  w,,,  =  200,000  lbs. ;  w,  +  w,  +  w,  +  .  •  .  +  «^n  = 
296,000  +  150,080  =  446,080.  The  locomotive  table  used  in 
this  example  will  be  found  in  the  following  paragraph.  For  the 
centre  panels  Z,  =  4,  and  as  2  =  9,  using  panels  instead  of  distances, 
the  condition  of  loading  for  a  maximum  (see  eq.  (528))  will  be 
fulfilled  very  nearly,  viz., 


K_vyy  +  w^-\-  w^  + 


+  V), 


I         ti;^  -J-   ttr,  +  W,  +    .    .    .+  W, 


4 

9 


200000 


446080       8.92 ' 


nearly  correct.  Small  changes  made  by  moving  the  load  a  short 
distance  either]  forward  or  backward  might  satisfy  exactly  the 
above  relation.  This  could  only  be  found  by  repeated  trials,  and 
that  giving  the  greatest  bending  moment  should  be  adopted.  The 
above  is  near  enough  for  the  present  purpose.  Substituting  in 
eq.  (530),  paragraph  923,  as  was  done  in  finding  moments  eq.  {1) 
and  following,  x  in  this  case  is  V  =  ^^*^9  w^  in  the  second  term 
is  the  uniform  load  =  150,080  pounds,  and  using  the  locomotive 
table  mentioned, 


M=: 


4  ri6336338 
§1       2 


+( 


2  X  296000    .    1 50080 \ 


2  "^2 

=  5,250,481  ft.-lbs. 


7 


X  33 


..]- 


7808639 
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We  can  now  find  the  equivalent  uniform  load  per  linear  foot, 
iwP  =iw  X  (185)'  =  5,250,481;  hence  w  =  1228  lbs.,  the  equiv- 
alent uniform  load  for  one  truss.  We  have  now  the  following 
data:  Span  =  185  ft.;  panel  length  =  20.55  ft.;  depth  of  truss, 
27  ft.;  number  of  panels  =  9;  dead  load,  760  lbs.  per  linear  foot; 
live  load,  1228  lbs.  per  linear  ft.  If  we  were  to  use  upper  and 
lower  chord  panel  weights,  as  in  previous  cases,  the  upper-chord 
fixed  load  would  be  taken  at  525  and  lower-chord  at  235  lbs.  per 
foot;  but  following  the  method  usually  adopted  in  case  of  uniform 
loads,  the  entire  load  is  assumed  as  concentrated  in  the  upper  or 
loaded  chord.  Dead-load  panel  weight  w  =  15,618  lbs.;  live-load 
panel  weight  =  1228  X  20.55  =  25,236  lbs.  =  to^;  the  length  of  the 
diagonal  =  33.93  ft.;  sec  of  angle  Ola  =  -^li^  =  1.257;  tan  angle 
Ola  =  4^i^-P  =  0.761.  As  the  greatest  chord  stresses  occur  when 
the  entire  space  is  covered  with  the  rolling  load,  the  formula  for 

horizontal  stresses  remains  the  same:  -H,  =  ^ z"^^'       o  i^ —  ' 

(See  Rankine's  C.  E.;  see  also  paragraph  931,)  (w;  -|-  w^  =  40,854 
lbs.,  Z  =  185,  A'=  9,  ^  =  27,  w  =  1,  2,  3,  4  successively. 

m       .       .     n                     .     io      40,854x185(9-1)       ,«.,„,. 
Tension  in  Oa  =  comp.  in  1,2  = — ^ r^-  =  124,411 

"  ah  =      "  "  2,3  =  15,551.4X2(9  -  2)  =  217,720  *' 

"        "  Ic  =      "  "  3, 4  =  15,551.4  X  3(9  -  3)  =  279,925  « 

"        «  cd  =      "  «  4,5  =  15,551.4X4(9  -  4)  =  311,028  " 

"        "  de  and  ef  =  311,028  " 

The  calculation  is  simplified  by  observing  that  — — -^ —  is 

constant  and  equal  to  15,551.4;  the  only  variable  faction  is  7i(JV— n). 
As  there  is  no  centre  vertical,  it  is  evident  that  when  the  span  is 
entirely  covered  by  the  rolling  load  the  diagonals  \e  and  hd  cannot 
be  under  stress  at  all,  as  the  load  on  one  side  of  the  centre  tends  to 
produce  in  one  of  them  the  same  kind  and  amount  of  stress  that 
the  load  on  the  other  side  of  the  centre  tends  to  produce  in  the 
other;  therefore  neither  of  them  are  under  stress.  In  other  words, 
they  are  both  counterbraces,  and  the  tension  in  the  panel  de  is 
therefore  the  same  as  in  the  panel  cd. 

To  Determine  the  Stresses  i?i  the  Verticals  and  Diagonals,— As 
the  diagonals  are  compression  members  and  the  load  is  on  the  top 
chord,  and  the  verticals  tension  members,  the  vertical  id  receives 
its  entire  stress  from  the  moving  loacj,  and  this  will  be  a  maxiranni 
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when  the  rolling  load  reaches  the  point  5;  shoald  it  extend  to  4  the 
load  would  be  transmitted  to  ^e,  and  a  stress  would  be  developed  in 
4e.  This  would  act  counter  to  the  stress  in  bd  due  to  the  load  at  5, 
and  thereby  reduce  the  amount  of  load  that  would  otherwise  reach 
the  point  d.  Assuming  the  rolling  load  to  come  in  from  the  right 
and  reach  the  point  6,  the  rolling-load  shear  in  5/  would  be  3  X 
25,236  X  2  -^  9  =  16,824  lbs. ;  dead-load  shear  in  5/  would  be  one 
panel  weight  =  15,618  lbs.  As  these  shears  would  tend  to  produce 
stresses  of  opposite  kind  in  5/,  the  resultant  would  be  the  differ- 
ence =  16,824  —  15,618  =  1206  lbs.;  and  as  that  due  to  the  live 
load  is  the  greatest,  a  counterbrace  would  be  needed,  shown  by  the 
dotted  line  6e;  the  stress  on  it  would  be  1206  X  1.257  =  1516 
pounds.  No  other  counterbrace  will  be  needed  between  this  one 
and  the  end  of  the  span.  When  the  rolling  load  reaches  5,  the 
«hear  in  bd  will  be  4  X  25,236  x  2i  -~  9  =  28,040  pounds;  and  as 
there  is  no  dead-load  shear  on  bd,  the  shear  will  be  transmitted  to 
4d;  hence  tension  on  4d  =  28,040  pounds.  The  stress  in  bd  is 
28,040  X  1.257  =  35,236  pounds  compression,  and  the  same  on  4e 
when  the  load  comes  in  from  the  left;  3d,  with  same  compression 
as  Qe  =  1516  pounds,  is  a  counterbrace.  When  the  load  reaches 
the  point  4,  or  passes  the  centre,  both  dead  and  live  load  produce 
the  same  kind  of  stress  in  4d.  The  general  formula  for  shears  in 
the  diagonals  remains  the  same  as  if  the  load  was  on  the  bottom 
chord ;  but  the  stresses  in  the  verticals  will  be  diminished  by  one 
panel  weight  {w  +  w,)  =  40,854.  This  requires  some  little 
trouble.    Making  the  substitutions,  then,  in  the  equation  for  shears 

F.  =  to{^  -n)  +  ^i^-^Y^-^  +  i)  (aee  Eankine's  C. 
E.,  also  paragraph  932),  we  can  write  the  following  stresses: 

€omp.  in    4c  =  lb,Qls(^^  -  4)  +25,236^-^^^^^^^^^^±^^ X  1.257 

=  57,678  X  1.257  =  -  72,501  lbs. 
Stress  in     3t?  =  +  57,678  lbs.  tension. 

Comp.  in    3 J  =  15,618 (?-±-i  -  3)  +25,236^^""^^^^^g"^'"^^^XL257 

=  90,120  X  1.257  =  -  113,281  lbs. 
Tension  in  2*  =  +  90,120  lbs. 

Comp.  in   2a  =  15,618  (-^  i  -  2)  +25,236^-^^^-^^— t^  X  1.257 

=  125,366  X  1,257  =  -  157,585  lbs. 
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Tension  in  la  =  +  125,366  lbs. 

Comp.  in    01  =  15,618^^-^^  -  l)+25, 


236 


(9-l)(9~l+l) 


2  V  •  ^"'^"^  18 

=  163,416  X  1.257  =  -  205,415  lbs. 


XL25^ 


This  can  be  checked  as  follows:  Take  any  vertical, as  la;  this 
receives  from  the  dead  load  3  panel  weights  and  from  the  live  load 

7x4 

— ~ —  panel  weights;  it  gets  nothing  from  either  load  at  the  point 

1.  Therefore  the  stress  in  la  is  15,618  X  3  +  25,236  xV  =  125,366 
pounds. 

01  receives  half  the  load  on  the  entire  bridge.  (15,618  +  25,236) 
X  4  =  163,416  lbs. ;  the  stress  =  163,416  X  1.257  =  205,414. 

From  the  foregoing  cases  it  is  evident  that  the  method  of  uni- 
formly distributed  loads  does  not  give  accurate  results,  and  could 
not  be  relied  on  for  very  long  spans.  Approximate  results  are  ob- 
tained with  comparatively  little  labor,  but  even  then  the  question 
of  the  equivalent  uniform  load  has  to  be  settled,  as  every  different 
span  and  system  of  loading  would  have  a  different  equivalent  uni- 
form load  that  only  gives  a  correct  result  at  one  point  in  the  span,, 
and  it  is  necessary  to  find  the  maximum  chord  stresgat  the  centre 
from  the  actual  loading  in  practice  in  order  to  deduce  the  equiva- 
lent uniform  load.  Concentrating  the  dead  load  entirely  in  one 
chord,  as  has  been  seen,  makes  another  material  error.  With  good 
tables  and  a  little  practice  in  handling  the  general  formulae  for  the 
wheel  concentrations,  the  additional  labor  required  is  unimportant,. 


U  01 


THE  WARREN  OIRDER 


Fig.  855. 

and  more  than  counterbalanced  by  the  satisfaction  of  at  least  secur- 
ing results  that  are  in  some  degree  of  accord  with  the  actual  prac- 
tical conditions.  The  writer  believes  that  he  has  fully  explained 
the  principles  applicable  to  a  single  system  of  vertical  and  diagonal 
bracing,  whether  compression  verticals  or  compression  diagonals,  or 
the  reverse.  An  example  will  be  given  of  a  truss  in  which  all  of 
the  web  members  are  inclined;   this  is  commonly  known  as  the 
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Warren  or  Zigzag  Girder.    The  skeleton  sketch  aboYe^  Fig.  355, 
shows  this  design. 

966.  The  design  Fig.  355  shows  a  series  of  verticals  by  dotted 
lines.  These  are  not  essential  members  of  the  truss^  and  are  only 
ased  when  in  long  spans  the  panel  lengths,  such  as  bd  or  3,5,  are  of 
such  a  length  that  they  would  deflect  under  their  own  weight  or  any 
load  upon  them,  and  when  used  they  would  only  carry  one  panel 
weight  of  the  length  2c  or  Zd.  They  will  not  be  considered  at  all 
in  this  example.  The  upper  chord  is  under  compression,  lower 
chord  under  tension.  In  the  web  members  the  end  diagonals  and 
all  members  parallel  to  them  on  the  same  side  of  the  centre  are 
compression  members,  the  others  tension  members.  In  other  words, 
under  maximum  stress  all  web  members  inclining  upwards  to  the 
centre  are  compression  members,  as  2,  3,  and  those  inclining  down- 
wards towards  the  centre  are  tension  members,  as  3,  4.  Therefore 
the  stresses  on  the  two  web  members  meeting  at  a  point  are  of  the 
opposite  kind.  In  this  type  of  bridge,  under  some  conditions  of 
the  moving  load,  as  will  be  seen  later,  some  of  the  members  that  are 
under  compression  from  the  dead  load  may  be  thrown  into  a  state 
of  tension  by  the  rolling  load,  and  they  must  therefore  be  formed 
and  connected  to  resist  tension  and  compression  both.  They  are 
then  said  to  be  counterbraced.  If  this  is  not  desired,  members 
such  as  5, 8  and  7, 4  roust  be  introduced.  These  are  called  coun- 
terbraces.  Some  builders  prefer  them,  as  they  do  not  necessitate 
any  member  to  pass  from  a  state  of  compression  to  one  of  tension, 
which  may  affect  injuriously  the  strength  of  the  material,  and  it  is 
more  convenient  to  form  and  connect  a  member  so  that  it  will 
always  be  under  the  same  kind  of  strain.  Assuming  the  following 
dimensions  and  other  data — 


22  36 
Length  of  span       =  120  ft. ;    sec  angle  Ola  or  al2  =  -^^  =  1.12 ; 

10 
20 
"       "diagonal  =22. 36  ft.; 
Depth  of  truss       =  20.0  ft. 


''       "  panel     =  20  ft. ;    tang  angle  Ola  or  al2  =  ~     =0.50; 


Assuming  that  the  weight  of  the  two  trusses  with  the  lateral 
bracing  is  500  pounds  per  linear  foot  or  250  pounds  for  one  truss, 
one  half  concentrated  at  each  chord,  the  weight  of  the  cross-ties. 
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guard-rails,  rails,  etc.,  200  pounds  per  foot  for  each  truss,  and  the 
stringers,  etc.,  125  pounds  for  each  truss  per  foot — 

Upper-chord  panel  weight  125  X  20  =  2500  lbs. 

Lower-chord  panel  weight  (125  +  200  +  125)  X  20  =  9000  lbs. 

11,500  lbs. 

The  dead-load  stresses  in  the  web  members  are  as  follows: 

Tension  in  5, 6  =  ^(9000)  X  1.12,  =  5040  lbs- 
Compression  in  5, 4  =  [i{9000)  +  2500]  X  1.12  =  7840  lbs. 
Tension  in  4, 3  =  (7000  +  9000)  X  1.12  =  17,920  lbs. 
Compression  in  3, 2  =  (16,000  +  2500)  X  1.12  =  20,720  lbs. 
Tension  in  1, 2  =  (18,500  +  9000)  X  1.12  =  30,800  lbs. 
Compression  in  0, 1  =  (27,500  +  2500)  X  1.12  =  33,600  lbs. 

The  above  can  be  checked,  as  it  is  evident  that  the  shear  in  0, 1  will 
be  three  panels  upper  and  two  and  one  half  panels  lower-chord  load> 
2500  X  3  +  9000  X  2^  =  30,000  pounds,  as  the  shear  in  any  mem- 
ber is  the  weight  between  it  and  the  centre  under  a  uniform  load, 
and  30,000  X  1.12  =  33,600  pounds  stress  in  0, 1. 

Recollecting  that  the  chord  stresses  in  any  panel  are  the  con- 
tinued sum  of  the  horizontal  components  of  the  stresses  in  the- 
diagonals  between  it  and  the  end  of  the  span,  or  the  shears  by  the 
tangent  of  the  angle  of  inclination  (=  0.50),  the  chord  stresses, 
are  easily  written. 

Lower  chord  0,  2:  Tension  =  -f-  80,000  x  0.5  =  -f  15.000  lbs. 

Upper  chord  1,  8:  Compression  =  —  (80.000  -f  27.500)  X  0.5  =  -  28,750  lbs. 

Lower  chord  2,  4:  Tension  =  +  (57,500  + 18,500)  X  0.5  =  -f  88,000  lbs. 

Upper  chord  8,  5:  Compression  =  -  (76,000  -f- 16,000)  x  0.5  =  -  46,000  lbs. 

Lower  chord  4,  6:  Tension         =+(92,000  +  7,000)    X  0.5  = +49,500  Iba. 

Upper  chord  5, 7:  Compression  =  -  (99,000  +  4,509)    x  0.5  =  —  61.750  Iba. 

This  can  be  checked  as  follows : 
Dead  load  per  linear  foot     =  11500/20  =  575  pounds; 
Centre  bend.  mom.  =  iwT  =  i  X  575  X  (120)'  =  1,035,000  ft,-lbe. 
Upper-chord  stress  5, 7         =  1035000/20  =  —  51,750  pounds. 

To  find  the  web  and  chord  stresses  due  to  the  rolling  load, 
which  will  consist  of  two  engines  and  tenders  followed  by  a  uniform 
load  of  2240  pounds  per  lineal  foot,  construct  the  following  table 
of  moments,  using  two  consolidation  engines  coupled  together,  as. 
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shown  in  Fig.  353(5),  paragraph  965.  Column  1  gives  wheel  num- 
ber; column  2^  the  continued  sum  of  the  weights  on  a  pair  of  wheels 
multiplied  by  the  distances  between  the  centres  of  gravity  of  the 
wheels;  column  3,  the  numerical  products  of  numbers  in  column  2; 
column  4,  the  continued  sum  of  the  numbers  in  column  3.  The 
locomotives  here  used  would  be  considered  as  comparatively  of  a 
light  weight.  Those  used  in  Table  LXXV  were  about  the  heaviest 
type  of  engine  now  in  general  use.  There  are,  however,  some  types 
atill  heavier.  But  whatever  the  weight  or  construction  of  the  loco- 
motive used,  a  similar  table  can  be  readily  constructed. 


Table  LXXVII. 

1. 

2. 

8. 

4. 

Wi 

12,000  X    7.«66 

92.000 

92.000 

w« 

82.000  X    4.588 

146,660 

288.660 

Wt 

52.000  X    4.25 

221,000 

459,660 

t04 

72.000  X    4.583 

829.980 

789.640 

u>» 

92.000  X  10.666 

981.280 

1.770.920 

w» 

106.000  X    4.666 

494.600 

2.265.520 

Wt 

120,000  X    6.683 

669.960 

2.935.480 

Wt 

184.000  X    4.666 

625.250 

3.560.730 

W9 

148.000  X    0.888 

1,381.290 

4,942.000 

Wio 

160,000  X    7.666 

1.226.560 

6,168.580 

Wii 

180.000  X    4.683 

824.940 

6.998.520 

Wii 

200.000  X    4.26 

850,000 

7,848,620 

Wi» 

220,000  X    4.588 

1.008.260 

8.851,780 

tOl4 

240000X10.666 

2,559.840 

11,411.620 

Wit 

254.000  X    4.666 

1,185.170 

12.596.790 

Wli 

268,000  X    5.583 

1,496,250 

14,093.040 

Wit 

282.000  X    4.666 

1,815.820 

15.408,860 

tt'iB 

296.000  X    8.25 

962,000 

16,870,860 

It  will  aid  in  the  use  of  the  above  table  to  take  the  continued 
sum  of  the  distances  between  the  wheels  which  will  give  the  dis- 
tance of  any  wheel  from  the  front  one  w^ ,  also  the  length  of  the 
moving  uniform  load  on  the  bridge  at  any  time.  (A  similar  table 
would  be  useful  in  connection  with  other  examples.) 


0 


Table  LXXVIII. 

V^  W^  W^  1C»  tTg  Vfj  M?8  Wf 

7.666     12.249     16.449     21.083     81.748     86.414     41.997      45.668 


»!•  Wii  Wis  IF,,  ti7,4  Iff,,  fr„  Wir  tr,, 

66.996     68.662     68.245     72.495     77.078     87.744     92.410     97.998     102,669. 
102.659  +  3.25  =  105.909  feet  to  the  front  end  of  the  uniform  load. 
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When  w,  is  120  —  105.909  =  14.091  feet  from  one  end  of  this 

span,  w^  will  be  20.0  -  14.091  —  7.666  =  -  1.757  feet  to  the  right 

of  the  panel  point  2,  and  the  uniform  load  will  not  yet  be  on  the 

bridge;  but  if  the  load  moves  forward  until  w^  rests  at  the  panel 

point  2,  which  is  in  accord  with  the  requirement  that  one  of  the 

loads  shall  be  at  a  panel  point,  there  will  be  1.757  feet  of  uniform 

load  on  the  bridge,  as  the  head  of  the  uniform  load  is  105,909  — 

7.666  =  98,243  feet  from  point  2,  and  the  distance  from  2  to  the 

end  of  the  span  is  five  panels  =  100  feet,  100.0  —  98,243  =  1.757, 

and  X  =  0.879,  and  similarly  for  any  other  position  of  the  moving 

load.    If  w,  is  at  2, 1.757  +  4.583  =  6.34  feet  of  uniform  load,  and 

X  =  3.17;  w,  at  2, 6.34  +  4.25  =  10.59  feet  of  uniform  load,  re  =  5, 3. 

Wj  will  then  be  only  120  —  (105.909  +  10.59)  =  3.501  feet  from  the 

end  of  the  bridge;  and  if  w^  is  at  2,  w^  will  have  passed  off  the  bridge. 

But  after  the  uniform  load  comes  on  the  bridge  it  may  happen  that 

it  will  not  be  necessary  to  place  a  wheel  at  a  panel  point  to  fulfil 

the  condition  for  a  maximum  shear.    With  any  wheel  at  any  point 

it  is  easy  to  take  at  once  the  number  of  loads  on  the  bridge,  and  to 

determine  the  length  of  the  uniform  load.    To  illustrate.    Place  «7, 

at  panel  point  6;  the  distance  from  this  point  to  N  is  three  panels 

=  60  feet.    Add  to  this  the  number  under  wheel  w, ,  60  + 12.249  = 

72.249  feet.    This  is  the  distance  from  w^  to  the  rear  end  of  the 

span  at  point  12.    The  next  less  number  to  this  is  found  under 

wheel  w„  (which  will  be  the  last  load  on  the  span  =  Wn)  =  68.245, 

and  72.249  -  68.245  =  4.004  feet  =  x.    With  w,  at  4,  80  +  12.249 

=  92.249.    Next  less  number  is  87.744  under  wheel  w,^:  92.249  - 

87.744  =  4.505  =  x.    w^  at  2, 100  +  12.249  =  112,249  feet    As  this 

exceeds  all  of  the  distances  given,  the  uniform  load  has  entered 

the  bridge.    112.249  -  105,909  =  6.34  feet  is  the  length  of  the 

6.34 
uniform  load  on  the  bridge,  which  is  now  «;»!  and  -~-  =  3.17  =  x. 

In  the  above  te^ni-i  =  v)^.    The  last  result,  6.34  feet,  is  the  same  as 
that  found  by  another  process  above. 

This  tabulation  can  be  applied  to  any  length  of  span  or  length 
of  panel  and  system  of  wheel  concentrations.  The  above  results 
can  be  checked  by  placing  the  wheels  at  the  points  indicated  and 
summing  up  the  resulting  distances  between  the  wheels  and  the 
end  of  the  span.  (This  method  was  used  in  the  preceding  exam- 
ples, it  is  tedious.)  Let  the  load  now  come  in  from  the  right  and 
rest  successively  at  the  panel  points  10,  8,  etc.  The  condition  of 
maximum  shear  to  the  left  of  these  points  is  n(w^  +  ^«  •  •  •)  = 
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^1  +  tt',  +  t^t  +  •  •  •  '^ny  with  w,  at  10;  w,  =  w*»-i;  w,  =  w^i  and 
as  there  are  six  panels,  n  —  ^.  Hence  6  X  12,000  =  72,000  pounds; 
^1  +  tt't  +  ^^t  +  •  • '  *^»  =  92,000  pounds;  but  by  assuming  that 
3333i  pounds  of  w^  acts  to  the  left  of  point  10,-6(12,000  +  3333^) 
=  92,000.  Hence  w^  at  10  gives  maximum  shear.  Substituting  in 
eq.  (648), 

S=  y[w,a  +  (w,  +  w,)J  +  {w,  +  «^,  +  w,)c  +  . . . 

+  (w,  +  w,  +  . . .  v>^x\ 

For  maximum  shear  in  9,  10;  8,  9:  ?  =  120;  ^  =  20;  a:  =  20 
4-  7.666  -  21.082  =  6.584. 
Shear  in  9, 10;  8,  9: 

=  ^pyAA  +  iJ^iUJ  X  6.584]  -  V(r-"!H^  =  3514  lbs.       (1) 

The  first  part  of  the  positive  term  runs  to  f/?,_i  =  w^,  as  w,  = 
^^y  and  is  found  in  column  4  of  table,  opposite  w^\  the  second 
part,  involving  x,  is  found  in  column  2,  opposite  w^.  The  negative 
term  contains  only  w,  =  w,,_i;  y  =  a  =  7.666,  as  w,  =  w,,  is  at  the 
panel  point,  and  is  found  in  column  4,  opposite  wheel  w^. 

For  maximum  shear  in  8,  7;  7,  6:  «?,  =  w,,  at  8;  w,  =r  wr^^.^; 
a;  =  40  4-  7.666  —  46.663  =  1.003.  Hence  w,  =  9;  w^.i  =  8; 
6(12,000  +  12,666})  =  w,  +  w,  +  w,  +  . .  .  w,  =  148,000  pounds. 

Shear  in  8,  7;  7,6 

=  ^[Hgg7»g  +  i^yoo  X  1.003]  -  A-A^J^  =  13,155  lbs.  (2) 


Maximum  shear  in  6,  5;  5,  4:  w,  =  w„  at  6;  w,  =  rer^.i;  a:  = 
60  +  12.249  —  68.245  =  4.004  feet.  Hence  w,  =  «?„;  w._i  =  f^^,,; 
6(12,000  +  20,000  +  1333i)  =  w,  +  w,  +  «>,+  ...  w.  =  200,000 
pounds. 

Shear  in  6,  5;  5,  4 

=  ^[gt»j»o  +  lii^jui  X  4.004]  -  ^.lAyu^  =  26,510  lbs.  (3) 

Maximum  shear  in  4,  3;  3,  2:  w,  =  w,,  at  4;  w,  =  w«,-i;  a?  = 
SO  -f- 12.249  —  87.744  =  4.505  feet.  Hence  w,^  =  w,;  w,,  =  w..^; 
6(32,000  +  10,333i)  =  254,000  =  w,  +  w,  +  . .  .  w.. 
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Shear  in  4,  3;  2,  2 
=  rbP^^V"^  +  "V^  X  4.505]  - ^.nyAft  =  46,356 lbs-  (4) 

For  maximum  shear  in  1, 2;  0, 1:  w,  at  2  =  w,,;  w.,-i  =  w,; 
IT.  =  100  +  12.249  -  105.909  =  6.340  feet.  Hence  there  will  be 
6.34  feet  of  uniform  load  on  the  bridge  =  2240  x  6.34  =  14,202 
pounds;  6(12,000  +  20,000  +  20,000)  =  312,000;  but  «?,  +  w,  + 
«?,  +  ...  +  ^f^n-i  +  ^(^n)  =  296,000  +  14,202  =  310,202. 

If  we  place  w,  at  3,  x,  =  100  +  16.449  -  105.909  =  10.54  feet. 
Hence  2240  X  10.54  =  23,610  pounds;  6(52,000  +  1268^)  =  296,000 
+  23,610  =  319,610.  We  will  therefore  take  w,  at  3  for  maximum 
shear  in  1,  2;  0, 1: 

10  54 
a;  =  — ^ —  =  5.27  feet;   w,  =  23,610;    w»-i  =  w„;    w«,  =  ^4;    w„.i 

=  w^» 


Shear  in  1,  2 ;  0, 1 
_    1   ["16370860  ,  2  X  296000  +  23610 


I20L       2        "*"  2 

l^  459660 
20'      2 


X  5.271 


=  70,108  lbs.  (2) 


In  this  last  case  the  uniform  load  is  on  the  bridge,  and,  follow- 
ing the  rule  explained  in  the  preceding  example,  we  write  for  the 
first  part  of  the  positive  term  the  sum  of  all  the  moments  found  in 
column  4  opposite  wheel  w^^,  and  for  the  second  part  twice  the  sum 
of  all  the  wheel  concentrations  found  in  column  2  opposite  wheel 
«?,,,  increased  by  the  uniform  load,  this  sum  being  multiplied  by  x 
and  the  whole  then  divided  by  2.  So  long,  then,  as  w^  rests  at  a 
panel  point,  the  first  quantity  in  the  above  expression,  my  am 
would  remain  constant  in  the  second  term,  the  uniform  load  would 
increase,  and  also  the  value  of  x.  The  negative  term  would  also  be 
constant.  If  it  became  necessary  to  place  tv^  =  w^^  at  a  panel  point, 
the  negative  term  would  become  —  ^-^i^^^^J^,  and  be  constant 
until  w^  =  w^^.  It  is  usual  to  give  the  load  as  carried  by  the  two 
trusses.  The  table  is  calculated  on  this  basis;  therefore  for  stresses, 
on  members  of  one  of  the  trusses  all  quantities  are  divided  by  2. 
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CHORD  8TBES8ES. 

It  was  stated  in  par.  923  that  eq.  (530)  was  not  applicable^  to  the 
chord  stresses  of  the  loaded  chord  when  all  of  the  web  members 
were  inclined^  but  did  apply  to  the  unloaded  chord,  the  upper  chord 
in  this  case.  The  reason  is  easily  understood.  Eq.  (530)  gives  the 
bending  moment  about  a  panel  point  in  the  loaded  chord;  and  when 
the  web  is  composed  of  a  single  system  of  one  diagonal  and  one 
vertical  meeting  at  a  point,  the  lever-arm  and  the  resultant  load  are 
the  same  for  any  panel  point,  whether  in  the  top  or  bottom  chord, 
and  the  stress,  which  is  equal  to  the  moment  divided  by  the  depth 
of  the  truss,  is  necessarily  the  same  in  the  upper  and  lower  panels 
included  between  two  adjacent  diagonals.  But  when  the  web  mem-, 
bars  are  all  inclined  the  panel  points  in  the  two  chords  are  not  in, 
the  same  vertical  line,  and  there  are  no  two  panels  which  have  the- 
same  stress,  as  a  different  pair  of  diagonals  meet  at  every  point  in 
both  chords;  therefore  the  position  of  the  rolling  load  for  maximum 
chord  stress  is  different  for  each  panel.  Examining  the  skeleton 
sketch  (Pig.  355)  to  determine  the  stress  in  panel  3,  5,  we  take  mo^ 
ments  about  the  lower-chord  panel  point  4;  this  reduces  the  mo-, 
ments  of  the  internal  stresses  or  resistances  of  the  members  of  the 
bridge  to  the  moment  of  the  upper-chord  panel  3,  5,  the  lever- 
arms  of  the  stresses  in  the  bottom  chords  and  web  members  being 
zero,  as  they  pass  through  the  axis.  Equating  this  moment  of  resist* 
ance  to  the  external  bending  moment,  there  results  one  equation 
with  one  unknown  quantity.  Any  other  position  of  the  axis  would 
result  in  more  unknown  quantities  than  the  equations  obtained, 
hence  unknown  quantities  are  indeterminate.  We  cannot,  then, 
with  the  axis  at  4  determine  the  stress  in  the  bottom  chord,  or  with 
the  axis  at  any  other  point  in  a  vertical  line  through  4.  The  lever-, 
arms  for  the  top  and  bottom  chord  cannot  be  the  same;  but  if  we 
take  the  axis  through  point  5,  the  only  acting  moment  would  be  the 
stress  in  the  bottom-chord  panel  4, 6.  Therefore.,  to  make  eq.  (530) 
applicable  to  the  determination  of  the  stresses  in  the  bottom-chord 
panels,  the  length  of  the  lever-arm,  of  the  reaction,  Z,  must  be  either 
increased  or  decreased  by  a  certain  part  of  a  panel  length,  which 
varies  with  the  inclination  of  the  diagonals.  In  this  design  it  is  one 
half  of  a  panel  in  either  case.  As  the  negative  term  contains  the  sum 
of  the  moments  of  the  loads  between  the  reaction  and  the  panel  point 
of  the  lower  chord,  it  must  be  either  increased  or  diminished  by  the 
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fium  of  the  moments  of  the  loads  in  any  panel,  such  as  4,  S,  acting 
at  the  panel  point  of  the  lower  chord.  Also  it  will  be  seen  that  y^, 
which  in  eq.  (530)  is  the  distance  from  the  wheel  te^._i  to  fr,, ,  must 
now  be  the  horizontal  distance  from  «;,,  to  the  new  axis  at  5  instead 
of  at  4.     Writing  eq.  (630), 

I 
M  =  j-\wfl  +  (w,  +  «^,)  J  +  {w,  +  w,  +  w,)c  +  . . . 

(w,  +  a?,  +  w.  +  . . .  w,)ar] 
—  wfi  —  (w,  +  io^h  —  {w^  +  tt',  +  «^.)c  —  .  .  . 

-  (w,  +  w,  +  w,  +  .  . .  w,,.i)y,,  (552) 

which  is  still  applicable  to  the  unloaded  chord. 

Let  8  =  any  fraction  of  a  panel  length,  40  =  ^  in  this  case,  which 
is  constant  for  the  same  span,  R^  the  resultant  of  the  loads  on  any 
panel,  such  as  4,  6,  and  z  its  distance  from  6;  p  the  panel  length; 
fOni  either  resting  at  or  in  front  of  a  panel  point  4.  We  have  /,  ==  /, 
+  8,  the  distance  from  the  end  of  the  span  to  the  axis  of  moments, 
and  y,  =  y  1  +  «•    The  reaction  of  the  loads  on  the  panel  4, 6  at  4 

zS  zR 

=  — -•;  its  moment  with  respect  to  e  =  — '  X  8  (see  Figs.  356). 

We  can  then  write  the  following: 

Jf  =  -^[w,a  +  (w,  +  w,)  J  +  {w,  +  w,  +  w,)c  +  . . . 

+  (w,+  w,+  w,+  . . .  +  w^)x\  -  w,a  —  (w,  + w,)ft 
-{w  +  w,  +  «^,)c  -•..-(«;,  +  w,  +  w,  +  ...  +  fa.,)y, 

-^;    .    .    .    . (553) 

noting  that  rr,  y,  and  2;,  are  variables,  and  moving  the  load  forward 

by  the  small  quantity  Jrr  =  ^y  =  ^z.     The  conditions  for  a 

maximum  moment  will  be 

I 

fi^i  +  w,  +  t^,  +  . . .  +  w J 

SR 
P 

-       w,  +  w,  +  tt^,  +  .  .  .  +  «^«,  +  -— • 

11  — SL^  (554) 

/  w,  +  w,  +  w,  +  .  . .  +  w„  

These  last  equations,  (553)  and  (554),  are  applicable  to  any 
single  system  of  bracing,  equations  (528)  and  (530)  being  only 
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applicable  to  the  unloaded  chord  where  the  web  members  are  aU. 
inclined.  Using  then  equations  (528)  and  (530)  for  the  upper  chord 
panels: 

For  upper  chord  1,  3,  w^  =  w,,  at  2;   a;,  =  100  + 16.449  — 
105.909  =  10.54  feet  of  uniform  load  on  bridge;  7,  ==  1;  /  =  6. 

^.  _  1  ^  t^i  +  tg,  +  «^,+  >  ■ .  t(>„  ^  72000 

I       6        w,  +  w,  +  w,  +  . . .  w,       296000+10.54 X 2240      ^^ * 

bat  assuming  that  18^731  lbs.  of  w^  acts  to  the  right  of  panel  point  2, 

72000  —  18731       /  ,.       ,    .  I 

^^^^ =f  =  f    By  Placmg  «;.  =  tr.  at  2,  ^  =  i  = 

296000  +^6^  X  2240  =  *'  ''^''^^'  ^^  ^  ^^  ^*  ^'  ^^"^ 
positions,  substituting  in 

if  =  ^1  \wfi+  (w.  +  w.)ft+  K  +  w,  +  «;,)£?+• . . 

+  w,  +  «7,  +  IT,  +  . . .  +  w^l 

—  w,a  —  (w,  +  w.)  6  —  (w,  +  w,  +  w.)  c  —  • . . 

-  (w,  +  w,  +  w,  +  . . .  +  w.,-1 1)  y,. 

With  w^  =  «7,i  at  2;  w^,,  - 1  =  w,;  a;,  =  10.54,  and  total  uniform 
load  =  10.54  X  2240  =  23,610  lbs.;  x  =  5.27. 

^       1  ri6370860  ,  2  X  296000  +  23610  ,,  ^  ^^T 
Jf=g[— 2  — + 2 X5.27J 

-  ^^^=1,404,764  foot-ponnds; (1) 

With  w,  =  w»,  at  2,  w»,_i  =  te;,;  a;,  =  100  +  12,249  —  105,909 
=  6.34,  and  total  uniform  load  =  6.34  X  2240  =  14,202  lbs.;  a;  = 

^^  =  3.17. 


^      iri6370860  ,  2x296000  +  14202      ^^S\ 
M=  -[_ g +  ^ X  3.17J 

5 —  =  1,405,047  foot-pounds (la) 

Practically  there  is  no  difference  between  the  bending  moment 
whether  w^  or  w^  is  taken  at  the  point  2,  but  as  the  latter  is  a  little 
greater  it  will  be  used.    As  before  stated,  in  all  cases  of  doubt  twa 
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II  -  -- riM  -  -    .  -—    — -    —  _       _■  —  ^ 

-or  more  positions  of  the  load  should  be  tested  in  order  to  determine 
^hich  is  the  greatest. 

Upper  chord  3, 5 :  w,=  «;.,  at  4;  rc^  =  80  +  31.748  -  105,909  = 
5.839  ft.;  uniform  load  =  5.839  X  2240  =  13079  lbs.;  a:  =  2.92;  /, 

«      ,         /»  r  t  o  ^rvn  11.  ^1  1         106000  1 

=  2;  ^  =  6;  «.„,_.  =  5;  «;.  =  13.079  lbs.;  ^  =  -  =  ^^^^  = -, 
nearly. 


,,      ril6370860  ,  2  X  296000  +  13079     „  ^^"1     1770920  ) 
^^=L3~^ + 2 ^^'^^j 2— f.    (2) 


For  upper  chord  5,7:  w,,  =  w^^  at  6;  a:^  =  60  +  55.996  — 
105,909  =  10.087    ft.;    uniform    load  =  22,995  lbs.;    x  =  5.04; 

7        o     7       r    ^       1      160000       1  ,        ....  ,.^.      , 

7^  =  3;  /^6;  ^=2-  318995  "^  2'  i^early,  which  is  condition  for 

maximum : 

,^      iri6370860      2x296000  +  22995     ,  ^  H     4942000) 

^=21—2—= 2" ><^-^^J 2~[.    (3) 

[=  2,396,609  ft.-lb8,  ) 

It  may  sometimes  happen  that,  when  the  condition  for  a  maxi- 
mum bending  moment  is  fulfilled,  the  front  wheel  la^  may  have 
passed  off  the  bridge  to  the  left  hand.  We  must  then  subtract  the 
weight  on  that  wheel,  or  wheels,  multiplied  by  its  distance  from  the 
near  reaction  +  the  length  of  the  span,  from  the  positive  term,  and 
add  to  the  negative  term  its  weight  multiplied  by  its  distance  from  the 
near  reaction  +  the  distance  of  the  near  reaction  from  the  panel  point 
under  consideration.  For  example,  if  the  position  of  the  load  for 
maximum  stress  in  upper  chord  5, 7  had  been  taken  when  w„=  «?,, 
was  at  point  6,  the  front  wheel  w,  would  be  63.662  ft.  (see  Table 
LXXVIII  for  wheel  distances)  to  the  left  of  6,  or  63.662  -  60 
=  3.662  ft.  to  the  left  of  the  left-hand  reaction,  or  that  much  off 
the  bridge;  then  60  +  63.662  -  105.909  =  17.753  ft.  of  uniform 
load  on  the  bridge  =  39,767  lbs. ;  total  load  on  the  bridge  = 
(296,000  +  39,767)  -  12,000  =  323,767;  or,  from  the  value  of  M, 
equation  (3),  deduct  J-«pA(3.662  +  120.0)  from  the  positive  term, 
and  add  ^^^^3M2  +  60)  to  the  negative  term.  Then,  substitut- 
ing in  equation  (530),  we  have,  x  =  8.88;  /,  =  3 ;  1  =  6, 
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iri«8708ai>      8xa))6000  +  8tW67, 


t  8.88  -  — 
X68Ma  = 


?  X  I88.662] 


beiDg  greater  than  the  value  of  M  in  equation  (3)  by  42,790  ft.-Ib8,, 
again  showing  the  importauce,  where  great  accuracy  is  required, 
and  when  the  uniform  load  is  on  the  bridge,  of  trying  aevenj  posi- 
tions of  the  moving  load  to  find  the  ultimate  maximum.  It  is  true 
that  the  difFerence  in  the  atresa  is  only  a*,V»  =  ai40  lbs.,  which 
would  be  no  serious  error. 

For  tension  in  the  lower-chord  panels,  use  equations  (553)  and 
(554).  But  for  panel  0,2  the  tension  is  simply  the  horizontal  com- 
ponent of  the  stress  in  0, 1,  which  is  70,108  lbs.  x  0.5  (see  equa.  2 
for  shears,  page  1114  )  =  35.054  Iba.,  due  to  rolling  load. 

For  lower  chord-panel  2,  4  use  eq.  (554)  to  find  maximum  posi- 
tion of  load.  If  w,  =  KJ„  is  placed  at  point  3,  then  w^will  be  1.167 
feet  to  the  left  of  c,  which  is  in  the  same  vertical  plane  with  upper- 
chord  panel  point  No.  3,  about  which  momenta  are  to  be  taken 
(see  Fig.  356  (a) ),  which  is  a  panel  taken  from  Fig.  355,  in  which  i, 


=  1.5  and /  =  epanela.    The  resultant  of  the  loads  «j,  +  w,-\-w,= 
B,  is  fonnd  to  be  10.1  feet  from  point  4,  or  0.1  foot  to  left  of  0. 

y  is  the  distance  2c;    w,  +  ""i  +  '"» 


.fl,  =  54,000  pounds; 

(= 

+  12.249-105.909  =  2 

=  2240  X  6.34  =  14.20 

+  ro,  +.  . .  -f  jc,.,  + 


^  79,000  pounds.     Then  100 

=  6.34  feet,  and  uniform  load  on  the  bridge 
1  pounds;  x  =  3.17.     Total  load  =  tp,  +  w, 

w.;  (11:  =  14,202  pounds :)  (w..-,  =  «„)  = 
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296,000  + 14,202  =  310,202  pounds.    Then  the  condition  for  maxi- 

,  .    L       1.5        79000       1  ,      ,  ^u-        V 

mum  moment  is  *  =  —  =  oTTwaa  =i  nearly;  hence  this  position 

of  the  load  gives  maximum  bending  in  2, 4.    Then  substituting  in 
eq.  (553),  maximum  bending  in  2,4  is 


23866Q 
2 


^      1  ri  6370860    ,  2  X  296000  +  14202       .  ,  ^"1 
^=4L 3 +  2  X3,17J  - 

52000        ,^        54000       10.1       , -,.„  oo^  ^    i.  j       i^\ 
—  X  10 —  X  -IT*  =  1>742,884  foot-pounds.    (5) 

The  first  term  is  found  in  col.  4,  Table  LXXVII,  opposite  w„; 

the  second  is  the  sum  of  the  loads  in  col.  2  opposite  wheel  w^^  + 

the  uniform  load  multiplied  by  a;.     The  first  negative  term  is  the 

sum  of  the  products  wfi-{-{w^-\-w^hy  etc,  to  w„,_„  and  is  found  in 

col.  4  opposite  w»,_i=w,.    The  second  negative  term  is  (tt?,+ip,+ 

^1+  •  •  •  +^»i)y«>  where  w,,=t^„  y,=10=2c;  and  the  third  nega- 

zsR 

tive  term  is -.  in  which  g/p  =  *;    -B,  =  54,000,   z  =  10.1,— all 

p 

terms  divided  by  2. 

For  maximum  bending  in  lower-chord  panel  4, 6,  axis  of  moments 
at  5  in  same  vertical  line  with  e  (see  Fig.  356  {b) ),  /,  =  2.5  and  /  = 
6  panels.  t£7,  at  4;  then  w^  will  be  0.249  foot  to  right  of  e.  Then 
80  +  36.414  —  105.909  =  10,505  feet  =  x^  of  uniform  load  on  the 
bridge  =  23,532  pounds;  hence  total  load  =  296,000  +  23,532  = 
319,532  pounds.    Sum  of  loads  to  w,  =  w,,  =  120,000,  and 

«^       1/       .          .        N       14000+14000  +  12000      «^^^^ » 
—  =  i(w.  +  w,  +  w,.)  = -?-— ^ — ^ =  20000  lbs.; 

/,      2.5        5        140000  5 


I         6        12       319532       11.4' 

hR 

As  in  the  term  —^  the  factor  z,  which  determines  the  position  of 

A) 

the  resultant,  does  not  enter,  the  position  of  the  resultant  in  panel 
4,6  is  immaterial.  If,  then,  we  move  the  entire  load  on  the  bridge  to 
the  left,  provided  w^  does  not  reach  the  point  4  (see  Fig.  356  (h) ), 
we  will  increase  the  total  load  on  the  bridge,  increasing  the  denomi- 
nator of  the  above  fraction  without  affecting  the  enumerator.  If^ 
then,  the  load  moves  5^  feet  to  the  left,  w^  will  still  be  to  the  right 
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of  4  by  5.583  -  5.5  =  0.083  foot,  and  we  bring  2240  X  5.5  =  12,320 
pounds  more  of  uniform  load  on  the  bridge.     Then 

I,        5  _  140000         5 


I       12       331852       11.85 

very  nearly  correct. 

A  trial  might  be  made  with  u\  at  4;'  but  when  a  load  passes  a 
panel  point,  sudden  and  relatively  gi'eat  changes  take  place,  and 
with  the  condition  of  maximum  bending  nearly  satisfied,  and  as 
this  subject  has  been  so  fully  discussed,  we  will  assume  this  position 
of  the  load  as  giving  maximum  bending.  As  w,  is  now  5.5  feet  to 
left  of  4,  y,  =  5.5  +  4e  =  15.5  feet,  B^  =  40,000  pounds  =  w^+  w^ 
+  w\^,  it  will  be  5.83  feet  to  right  of  iv^  or  1.C4  feet  to  right  of  w^ 
=  9.33:5  +  5.918  -  1.164  =  14.09  feet  from  6  =  2.  For  this  po- 
sition of  the  load  ?^„  being  0.83  foot  to  right  of  4,  a:,  =  80  +  41.997 
-  0.83  -  105.909  =  16.005  feet  of  uniform  load  on  the  bridge  = 
2240  X  16.005  =  35,851  pounds. 

16.005       ^^^^       szR       40000       14.09. 
2;=-^  =  8.0ft.;    _  =  --x^^ 

Substituting  in  eq.  (553), 


16370860    ,.2  X  296000+  35851       _n       2265520 

.        I~   + 2  ^^j  2~ 


120000       ^^^    '   40000       14.09       on.roor.iji.  1         r^ 
^—  X  15.5 ~ —  X  — 2^  =  2,253,354  foot-pounds,  .  (6) 


o 


for  maximum  bending  moment  in  4, 6. 

The  corresponding  panels  have  the  same  shear  and  bending 
moment  on  the  other  side  of  the  centre  of  the  span. 

To  determine  absolutely  that  position  of  the  rolling  load  which 
produces  maximum  bending  moment  in  any  panel  requires  several 
trials;  but  it  may  be  said  in  general  that  the  load  must  always 
extend  well  over  the  entire  span.  This  enables  the  position  of  tha 
load  to  be  determined  by  inspection,  approximately,  and  but  little 
change  from  the  first  i:)osition  will  be  required,  as  was  seen  in  find- 
ing the  moment  in  panel  4,  6  (see  6).  It  is  not  always  necessary 
that  any  wheel  should  be  placed  exactly  at  a  panel  point,  when  the 
uniform  load  is  over  a  part  of  the  span. 
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FINAL   MAXIMUM   STRESSES.      WEB   MEMBERS. 

966^.  We  can  now  write  the  stresses  in  the  web  members,  which 
will  be  the  sum  of  the  shears  due  to  both  loads,  multiplied  by  1.12. 

Dead  Load.  Live  Load.  Lbs. 

Compression  0, 1;  11, 12  =  (30,000  +  70,108)  X  1.12  =  -  112,121 

3,  2;     9, 10  =  (18,500  +  46,356)  X  1.12  =  -    72,639 

4,  5;     7,    8  =  (  7,000  +  26,510)  X  1.12  =  -    37,531 
Tension           1, 2;  10, 11  =  (27,500  +  70,108)  X  1.12  =  +  109,311 

3,4;     8,    9  =  (16,000  +  46,356)  X  1.12  =  +    70,839 

5,  6;     7,    6  =  (  4,500  +  26,510)  X  1.12  =  +    34,731 

The  above  are  the  maximum  stresses  with  the  moving  load  so 
placed  as  to  give  the  same  kind  of  stress  in  each  member  as  that 
caused  by  the  dead  load. 

When  the  rolling  load  only  extends  over  the  shorter  segment, 
that  is,  before  it  passes  the  centre  of  the  span,  it  produces  a 
stress  of  the  opposite  kind  to  that  caused  by  the  dead  load.  When 
the  rolling  load  comes  in  from  the  right  and  reaches  the  point  10 
it  tends  to  produce  a  tension  in  9,  10,  which  is  the  shear.  See  (1), 
page  1113,  3514  X  1.12  =  3936  bis.  The  dead-load  stress  (com- 
pression) in  9,10  (see  page  1110,  compression  in  3,2)  =  20,720  lbs. 
As  these  different  stresses  cannot  exist  at  the  same  time,  the 
resultant  stress  is  20,720  —  3936  =  16,784  lbs.  Compre-ssion,  and  is 
a  permanent  stress  and  the  minimum  that  can  ever  exist.  This 
member  need  not  then  be  counterbraced,  and  consequently  8, 9 
need  not  be  counterbraced,  as  in  this  case  these  braces  enter  by 
pairs. 

If  now  the  rolling  reaches  the  point  8,  the  dead-load  shear 
on  8,  7  is  compression  and  equal  to  7840  lbs.;  the  hve-load 
shear  is  13.155  lbs.  and  is  tension.  This  latter  being  the  greater 
of  the  two,  the  member  8,  7  will  change  from  compression  to 
tension  when  the  rolling  load  is  entering  the  bridge,  and  it  must 
therefore  be  counterbraced,  so  as  to  carry  a  compressive  strain  of 
37,531  lbs.  and  a  tensile  strain  of  (13.155—7000)  X  1.12  =  6894  lbs. 
To  bear  the  compression  this  member  must  have  a  cross-section  of 
the  form  required  for  columns  or  struts;  and  to  bear  the  tensile 
stress  its  ends  must  be  fixed  or  connected  by  pins,  rivets,  or  other- 
wise to  the  chords;  or  with  the  strut  in  the  form' of  channels, 
ilanged  or  boxed  beams,  these  may  simply  be  proportioned  and  con- 
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Tiected  to  bear  the  compression,  and  an  iron  rod  or  bar  can  be  laid 
along  or  in  the  column  and  connected  and  proportioned  to  bear  the 
tension.  This  is  probably  better  than  the  first  arrangement,  as  the 
member  then  does  not  have  to  change  from  compression  to  tension, 
or  vice  versa.  The  same  remarks  apply  to  7, 6 ;  5, 6;  and  5, 4.  Either 
of  the  above  arrangements  may  be  called  counterbraced  members, 
or  filially  these  members  may  be  formed  and  connected  simply  to 
carry  one  kind  of  stress  of  maximum  yalue  from  both  loads,  and 
the  counterbraces  5,  8  and  7,  4  may  be  introduced  to  prevent  the 
.alteration  in  the  kind  of  strain.*  Then  when  the  rolling  load 
Tea(;hcs  point  8,  as  8, 7  is  not  connected  to  receive  tension,  the  shear 
in  5,  8,  which  is  equal  to  the  reaction  on  the  left,  or  nearly  so,  must 
be  carried  by  5,  8.  This  shear  (equa.  (2),  page  1113)  =  13,154,  and 
tension  in  5, 8  or  4, 7  (when  load  comes  in  from  the  left) 

=  13,155  X  ^^  =  13,155  X  1.8  =  §3,679  lbs. 

The  member  7,  6  may  be  called  upon  to  bear  a  compression  = 
<1 3,155  -4500)  X  1.12  =  9694  lbs. 

FINAL   CHORD   STRESSES. 

These  are  found  by  dividing  the  moments  in  equations  (pages 
1118-19)  (Iff),  (2),  (3o),and  (pages  1120-21),  equations  (5)  and  (6) 
•(by  the  depth  of  the  truss),  and  to  these  results  add  chord  stresses 
in  same  panels  due  to  dead  load,  page  1110. 

Upper  chord  j  {^    Uomp'n  =      V^^      +28,750= -99,002  lbs. 
"  a       I  7.9    I       ,,        ^  2^^  +46,000=  -152,967 " 

5,7  «       =^^^^f^ +51,750= -171,580" 

Lower      ''     |  ^^^\  \  tension  =  35,054  +  15,000  =  +     50,054  " 

1 8.10  f      „    =  i!^ +88,000= +m.i« -. 

"      \\\\       "      =-??^+«,M0= +162,168" 

This  style  of  bridge  does  not  seem  to  be  as  extensively  used  aa 
it  was  formerly. 


«         <i 


it 
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It  is  frequently  built  partly  of  wood  and  partly  of  iron;  com- 
pression members  of  wood,  tension  members  of  iron.  Iron  rods 
run  along  those  struts  that  need  to  be  eounterbraced.  By  allowing 
the  proper  unit  strains  for  wood  or  iron  the  dimensions  are  easily 
calculated,  as  in  the  preceding  examples. 

The  details  of  connections  are  not  materially  different  from, 
other  types  of  bridges,  except  in  case  of  those  members  which 
alternate  from  tension  to  compression  and  the  reverse. 

In  very  long  spans  requiring  a  considerable  depth  of  truss,  the 
panel  lengths  0,  2,  1, 3,  etc.,  would  be  too  great.  In  that  event  la, 
3c,  be,  and,  in  deck  bridges,  ^2,  e/4,  etc.,  are  introduced,  according 
to  the  position  of  the  loaded  chord.  These  verticals  are  not,  how- 
ever, main  members,  that  is,  they  do  not  receive  any  transmitted 
load  from  any  other  portion  of  the  truss,  simply  carrying  by  com- 
pression or  tension  a  single-panel  (Oa,  ab,  2c,  etc.)  load  of  dead 
and  live  load;  but,  wten  used,  every  panel  point  of  both  chords  is 
loaded  with  the  moving  or  live  load.  Hence  the  web  members  do 
not  enter  by  pairs;  that  is,  in  the  case  that  has  been  discussed  the 
shear  arising  from  the  moving  load  on  3,  4  and  3,  2  is  the  same; 
but  when  the  verticals  are  used,  brace  3, 2  would  carry  not  only  one 
upper-chord  panel  load  of  the  dead  load,  but  one  panel  load  of  the 
live  load  resting  at  c  more  than  3,  4,  and  should  be  proportioned 
according.  The  panels  in  this  case,  however,  are  only  one  half  the 
length,  2c  =  i(2,  4),  etc.;  otherwise  both  the  amount  and  kind  of 
stress  would  be  found  Bff  in  the  case  already  fully  discussed. 

GRAMICAL  METHOD  OF  DETERMINING  STRESSES  IN  TRUSSES. 

967.  The  principles  underlying  the  graphical  method  of  deter- 
mining stresses  were  fully  discussed  in  Art.  XXII,  and  applied  to 
roof- trusses  in  Art.  L,  paragraphs  908,  909,  910. 

In  this  paragraph  these  principles  will  be  applied  to  several 
types  of  bridge-trusses.  This  method  is  simple  and  easy  of  appli- 
cation, and  is  sufficiently  accurate  for  any  ordinary  purpose.  It  is 
of tener  better  to  combine  the  method  of  sections  or  moments,  and 
in  som6  -cases  necessary.  It  is  frequently  adopted,  and  is  especially 
advantageous  in  complicated  structures  and  those  bridge-trusses 
having  curved  upper  or  lower  chords. 

While  for  the  more  simple  roof-trusses  and  such  bridge-trusses 
m  the  Howe,  Pratt,  and  Warren  there  may  be  no  special  advantage 
over  the  methods  already  fully  discussed,  the  following  applications 
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to  these  trusses  T?ill  serve  to  impress  the  principles  and  methods^  so 
that  there  will  be  no  difficulty  in  extending  them  to  the  more  com- 
plicated trusses.  The  diagrams  when  drawn  with  lines  of  different 
colors  show  clearly  to  the  eye  those  members  under  different  kinds 
of  stress.  In  order  to  prevent  possible  errors,  some  of  the  stresses 
should  always  be  checked  by  moments. 


A  a  o  &H  c 

PRATT  TRU88 

•hoa 


Fig.  357-        "©^  truss         f, 


PRATT  TRUSS 

Fig.  (a). 
9 


^»    Fig.  (b). 


HOWE  TRUSS 


Fios.  857  (a)  and  (&).— Pratt  and  Howe  Trusses,  Graphical  Method. 

TJDiformly  loaded  over  entire  span, 

OA  =  reaction  i?  at  0  =  ^  total  load  =  AC; 

AD=w  Alas:  Dn=:u)  at  b  =  HL=zfo  at  c  =  XP=te  at  d; 

Ci ill  =  i  total  load  =  AiCi  =  reaction  at  10  =  i?i ; 

(7,Pi  =  jtcat  e; 

PiLi  zziD&if=LiHi=tD  Hi  g=Hidi  =  w  At  h=:D,Ai=u)  bX  k. 

It  is  never  necessary  to  deal  with  but  one  half  the  span,  as 
stresses  in  correspondingly  placed  members  of  the  other  half  of  the 
truss  are  the  same,  and  only  one  half  is  used  in  the  trusses  and 
^iiagrams  here  discussed,  the  closing  lines  for  the  other  half  being 
indicated  by  dotted  lines  in  the  stress  diagrams.     Fig.  357  shows  a 
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half  Pratt  truss  to  the  left  of  e  and  a  half  Howe  truss  to  the  right 
of  e.  In  actual  practice,  however,  to  insure  accuracy  and  to  aYoid 
errors,  it  is  better  to  construct  the  stress  diagrams  for  the  whole 
span,  as  the  exact  correspondence  in  length  and  relative  positions 
of  the  lines  in  opposite  directions  prevents  errors  of  direction  and 
accurate  scaling  of  the  several  lines,  as  one  error  must  be  carried 
entirely  through  the  diagram. 

968.  The  accompanying  diagrams,  Fig.  357  and  (a),  apply  to  one 
half  of  the  Pratt  truss.  The  left  half  of  Fig.  357  is  a  skeleton  dia- 
gram of  truss,  assumed  to  be  loaded  at  every  panel  point,  a,  b,  c, 
etc.  There  will  then  be  four  full  loads  w  on  each  half  of  the  truss 
and  one  load  of  ^w  at  c,  the  centre  of  the  span.  Lay  off  AC,  fig- 
ure (a),  downwards  equal  to  4ito.  This  must  be  balanced  by  the 
vertical  reaction  upwards  Ji  =  CA  =  AC.  This  closes  the  force 
polygon.  All  lines  in  figure  (a)  lettered  with  the  capitals  A,  B,  Oy 
etc.,  are  the  stresses  on  the  members  included  between  the  same 
capital  letters.  Corresponding  lines  are  also  indicated  by  the  small 
letters  or  numbers,  as  in  Fig.  357;  for  instance,  taking  at  random 
the  line  or  member  \b  or  EFy  this  is  also  marked  1^  or  EF,  figure 
(rt);  and  similarly  CF  or  1, 2  is  marked  CF  or  1, 2  in  stress  diagram, 
figure  {a).  Either  of  these  systems  of  notation  can  be  used.  It 
will  be  noticed  that  C  refers  to  the  end-post,  and  also  to  all  of  the 
upper-chord  panels.  The  lower-chord  panels  have,  however,  a  sep- 
arate letter  for  each.  This  double  system  of  notation  is  followed 
in  all  of  the  diagrams  and  will  not  be  further  explained. 

Having,  then,  figure  {a)  laid  off  with  the  external  force  polygon 
AOCA,  then  going  to  joint  0,  there  are  only  three  forces  acting:  the 
reaction  ^(7  upward,  the  horizontal  stress  in  oa,  and  the  inclined 
stress  in  01.  Then  in  figure  («)  drawing  AB  and  CB  from  the 
extremities  of  ^C'and  parallel  respectively  to  oa  and  01,  Fig.  357, 
we  have  the  first  stress  polygon  ABC,  figure  (a),  CB  is  the  stress 
in  01,  and  AB  is  the  stress  in  On;  as  CA  acts  upwards,  and  as  equi- 
librium requires  the  other  stresses  to  act  continuously  around  the 
force  polygon,  therefore  AB  acts  to  the  right  from  A  towards 
B,  that  is,  outwards  or  away  from  0.  It  therefore  produces  tension 
in  Oa,  and  is  marked  -f  in  diagram.  Also  stress  BC  must  act  down- 
wards to  the  left,  from  B  towards  A,  acting  inwards  towards  0 
means  compression  in  01,  marked  —  in  diagram.  Going  to  the 
panel  point  1,  wo  have  four  forces:  w  at  a,  stresses  in  01, 16,  and 
1, 2.  We  alrcjuiy  have  BC  =  stress  in  01 ;  and  as  this  is  compression, 
it  must  now  be  supposed  to  act  inwards  towards  1,  i.e.,  from  C 
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towards  By  figure  (a).  Drawing  a  vertical  line  from  B  to  B  =  w 
downwards,  an  indefinite  horizontal  line  from  C  parallel  to  1, 2,  and 
an  inclined  line  BF  parallel  to  lb,  their  intersection  forms  the  closed 
polygon  with  lines  acting  from  G  to  B,  B  to  B,  B  to  F,  F  to  C, 
these  lines  representing  the  stresses  in  the  members  to  which  they  are 
parallel.  BF ekcting  outwards  from  1  on  lb  gives  tension;  FC  act- 
ing to  the  left  inwards  towards  1  is  compression  in  1, 2;  BB  is  ten- 
sion in  1«,  acting  downwards  and  outwards  from  1;  DB  is  tension 
in  ab  =  tension  Oa,  which  is  evident,  since  la  is  vertical  and  can 
have  no  horizontal  component.  The  actual  polygon  for  this  point 
is  from  A  to  By  B  to  By  E  to  Dy  D  to  C,  and  from  C  to  Ay  equilib- 
rium requiring  a  downward  force  DC  (=  loads  to  the  right  of  a)y, 
together  with  BB  to  balance  GA.  Now  at  the  point  b  we  have  ab 
and  FB  already  determined,  and  w  at  b  to  find  62  and  be.  As  FB 
is  tension,  it  must  act  outwards  and  upwards  on  16  from  b.  The 
stress  polygon  for  this  point  is  then  F  to  B  to  D  to  Hy  and  then  the 
horizontal  and  vertical  lines  HO  and  FG  respectively  give  the 
stresses  in  be  and  26.  6c,  acting  outwards  from  6  to  the  right,  is 
tension  in  6c;  and  Fg,  acting  downwards  and  inwards  on  26  towards 
6,  is  compression  in  26.  The  remainder  of  the  diagram  is  but  a 
repetition  of  the  above,  at  2  and  c,3  and  e^,4  and  e.  This  results 
in  making  the  stress  on  be  =  «5,  =  0.  It  has,  however,  to  carry  one 
upper-chord  panel  weight  at  5.  If  the  line  of  loads  AC  \b  laid  off 
to  represent  the  sum  of  the  dead  and  live  loads,  this  diagram  gives 
the  maximum  chord  stresses,  but  not  maximum  vertical  and  diagonal 
stresses.  Figure  {a)  then  is  only  useful  so  far  as  the  horizontal 
lines  are  concerned,  if  there  is  a  rolling  load  to  come  on  the  struc- 
ture. It  will  be  noticed  that  all  of  the  upper-chord  panel  stresses 
are  found  in  the  same  horizontal  line  CS\  1,2  =  CF\  2,3  =  CJ\ 
3,4  =  CN'y  and  4,5  =  CS, 

HOWE  TRUSS. 

969.  Taking  now  the  half-span  Howe  truss,  Pig.  357  and  (6), 
it  will  be  noticed  that  the  horizontal  and  diagonal  stresses  are  the 
same  in  magnitude  but  opposite  in  kind.  The  bottom  chord 
stresses  are  all  found  in  one  horizontal  line  C^Q  =  CS,  of  Fig.  {(f) 
and  that  the  verticals  are  all  one  panel  greater  and  are  tensioTi 
instead  of  compression,  all  acting  away  from  the  panel  point 
instead  of  towards  it,  and  that  the  end  vertical  9i',  corresponding 
to  lay  has  a  tension  of  3^  panel  loads  more  than  la,  since  it  now  is 
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a  maiu  member  and  has  transmitted  through  it  the  panel  loads 
between  the  centre  of  the  span  and  the  vertical  itself,  whereas  la 
has  to  carry  but  a  single  panel  load.  Further,  it  is  noted  that  the 
centre  vertical  be  carries  u  panel  load  ss^,  Fig.  (b),  where  ss^.  Fig. 
(a),  is  zero. 

The  stress  diagram  itself  is  constructed  precisely  as  in  the  pre- 
ceding case.  G^A^B^  corresponds  to  the  stresses  in  9,10;  XrlO 
and  reaction  72,  =  ^  total  load  on  span;  for  joint  9  is  B,  to  C,  to 
F^  to  £„  and  as  (7,J9,  is  compression,  it  must  act  upwards  on  10,9 
towards  9;  then  C^t\  acts  to  the  right  inwards  towards  9,  hence  is 
compression;  and  F^B^  acts  downwards  and  outwards  on  \a  from  9, 
hence  is  tension,  and  similarly  for  any  other  panel  point.  The 
stress  on  a  member  having  been  once  found  as  a  compression,  its 
direction  then  must  always  act  inwards  on  the  member  towards 
the  panel  point  considered.  It  must  then  be  conceived  as  changing 
its  direction  according  as  the  panel  point  under  consideration  is  at 
its  top  or  bottom  extremity. 

VSTARREN   GIRDER. 

970.  Graphical  Method, — Uniform  load  over  entire  span.  Even- 
numbered  joints  loaded  only.  In  Fig.  (a),  AC  acting  downward 
equals  half  total  load;  CA  acting  upward  equals  reaction  7?  at  0. 
AG  =  to  at  2;  GL  =  w  at  4;  LC  =  ^w  at  6;  ZZ,  =  w  at  6. 
Figs.  358  and  {a)  refer  to  a  Warren  girder  only  loaded  at  the  even- 
numbered  joints.  Fig.  358,  left  half,  shows  skeleton  diagram 
when  loaded  only  at  lower  chord  joints. 

For  the  joint  0  only  three  forces  exist,  the  reaction-  R  and  the 
stresses  in  01  and  02.  The  force  polygon  ABC,  Fig.  (a),  gives  reac- 
tion AC  upwards,  AB  stress  in  02  to  the  right,  and  acting  from  0  Is 
tension,  BC  downwards  towards  0  on  01  is  compression.  For  joint 
1:  CB  upwards  towards  1,  compression;  BE  downwards  on  1,2, 
outwards  from  1,  is  tension;  and  CE,  inwards  to  the  left,  on  1,3, 
towards  1,  compression.  For  joint  2:  stress  in  1,2  and  02,  BE  and 
AB  respectively,  are  known;  and  also  load  w  =  AG,  Since  we 
Lave  found  stress  AB  in  1,2  to  be  tension,  it  must  act  towards  the 
left  and  outwards  from  2,  then  follow  from  E  to  B  upwards  from  F 
to  A  to  the  left,  downwards  from  A  to  G,  then  draw  from  GF 
horizontal  line  parallel  to  2,4,  meeting  a  line  from  E  parallel  to 
2,3,  in  Ff  then  FG  to  the  right  and  outwards,  on  2,4,  from  3 
is  tension  in  2,4;   and  FE  downwards  on  2,3,  towards  2,  is  com- 
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pression.  The  stress  polygon  for  this  joint  is  EBA  GFEy  and  for 
joint  3  it  is  CEFHC,  and  so  on  through  the  diagram.  Observe  that 
the  diagonals  meeting  in  the  upper  or  unloaded  chord  enter  by 
pairs,  the  stress  being  the  same  in  amount  but  opposite  in  kind, 
one  compression  sloping  upwards  to  the  centre,  the  other  tension 
downwards  towards  the  centre,  from  the  ends  as  2,  3  and  3,  4  re- 
spectively. 


UC   Li  8    Gi&  Qi  lU     AiO  A    12 


Figs.  858.— Warreu  Girder.- Graphical  Method. 

^  i\ 9.11         - 

-F     (a) '        C, 
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S.7 

Pig.  858  (a).  Fio.  858  (&). 

Fig.  (c)  Rolling  load,  joint  2  only  loaded. 


Fig.  858  (c). 
WARKEN   GIRDER   LOADED  AT   ALL  JOINTS. 

Uniform  load  over  entire  span.  All  joints  loaded.  (7,-4,  =  \ 
total  load;  J,C,  =  reaction  R^  at  12;  C,C,  =  w  at  11;  E^E,  = 
w  at  10;  (7,Cj  =  w  at  9;  H^H,  =  to  at  8;  C,C,  =  w  at  7;  mm,  = 
tr  at  6. 

This  case  is  shown  in  Figs.  358  and  (S).  There  will  be  five  and 
a  half  panel  loads  on  each  half  of  the  truss,  whole  loads  al  a,  10,  b. 
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8,  c,  and  one  half  panel  load  at  centre  panel  joint  6.  Laying  this 
downward  in  Fig.  358  (b)  from  C*,  to  A^,  the  reaction  upwards 
=  /?j  from  -4,  to  C,.  Then  for  joint  12  the  stress  polygon  is 
^4,C,  upwards,  C^B^  downwards  on  11,12  towards  12  compression, 
and  B^A^  towards  left  outwards  from  12  on  al2  is  tension.  For 
joint  11  stresses  in  11, 12  =  j&,6\,  upwards  towards  11;  C^C^  load  at 
a  downwards  from  11,  tension  al;  then  draw  the  horizontal  line 
C^JS^  parallel  to  9, 11,  meeting  B^E^  parallel  to  10,11;  the  stress 
polygon  for  the  joint  11  is  the  crossed  quadrilateral  ^,  to  C,  to  (', 
to  jEJ^  to  ^1,  or  B^C^O^E^B^  y9i&  B^C^  is  upwards,  C^C^  downwards. 
C^E^  must  act  towards  the  right  on  9,11  inwards  towards  11; 
hence  compression  E^B^  must  act  downwards  on  10,11  outwardF 
from  11,  hence  tension.  For  panel  point  10,  the  stress  polygon  i^ 
A^B^E^E^F^A^.  At  joint  9  the  forces  are  w  ^t  h  {E^E^),Qom' 
pression  in  9,11  {E^C\),  compression  in  9, 10  {E^F^)  known,  and 
stress  in  7, 9  and  9, 8  unknown.  Since  stress  in  9, 10  is  compression, 
it  must  act  upwards  towards  9,  then  from  F^  to  E^ ,  E^  to  C\ ,  C,  to 
C^ ;  then  draw  O^H^  parallel  to  7, 9,  meeting  F^H^  parallel  to  9, 8  at 
H^;  then  CJI^  acting  towards  the  right  on  7,9  inwards  towai-ds9 
is  compression,  and  ff^F^  acting  downwards  on  9,8  outwards  from 
9  is  tension.  A  similar  construction  at  other  points  completes  the 
stress  diagram.  Starting  at  the  centre  M^M,  it  is  otiserved  that  the 
shear  in  each  diagonal  is  one  panel  greater  for  each  successive  diag- 
onal  towards  the  end;  and  in  addition,  although  the  panel  weights 
are  only  half  of  those  in  the  first  cases,  yet  a  larger  portion  of  the 
entire  load  is  required  to  be  carried  by  the  members  of  the  tniss. 
The  extension  and  I'apidity  of  the  application  is  evident,  and  by  it 
the  amount  and  kind  of  stress  on  each  member  is  determined  with 
great  rapidity,  as  has  been  readily  seen  in  all  of  the  examples. 

ROLLING    LOADS. 

Also  diagrams  for  rolling  loads  can  be  constructed  for  the  above 
trusses,  so  as  to  obtain  the  maximum  stresses  in  diagonals  and 
verticals  dr.e  to  rolling  loads,  in  their  proper  positions  on  the  trusses. 
These  must  be  added  to  the  dead-load  stresses  found  by  diagrams 
similar  to  figures  (a)  and  (b),  the  panel  loads  being  simply  the  dead- 
load  weight  instead  of  both  dead  and  live  load  over  the  entire 
span.  The  value  of  stresses  in  pounds  or  tons  would  be  less,  but 
otherwise  there  would  bo  no  change  in  the  diagrams.  In  that  case 
the  diagonal  and  vertical  lines  would  be  the  maximum  stresses  due 
to  the  dead  weight. 
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In  figure  (c)  suppose  a  single  load  to  rest  at  point  2,  Fig.  358^ 
-we  have  the  stress  diagram  for  this  condition, -4  ff  acting  down- 
wards would  be  the  load  at  2.  We  would  then  have  to  calculate  the 
reactions  by  the  principle  of  the  lever.  There  being  6  panels,  R  would 
be  Iw  and  72,  ^w^;  then  laying  ofif  upwards  ^w  to  C  and  |w  to  A,  the 
external  force  polygon  is  completed;  then  on  w4C  acting  upwards 
draw  -^1  j^and  (75,  these  would  be  the  stresses  on  0,1  and  0,2,  compres- 
sion and  tension  respectively;  then  on  BC,  for  the  joint  1  draw  BB 
and  BO,  tension  on  1,2,  and  compression  on  1,3  respectively.  For 
the  joint  2,  we  have  BB,  BA,AO,  known  and  acting  as  indicated  by 
the  order  of  the  letters  BBAG;  then  drawing  G'i^and  ^^ parallel 
to  2, 4  and  2,  3,  respectively,  meeting  in  F^,  OF  is  tension  in  2, 4,  as 
it  acts  outwards  from  2,  and  FE  is  tension  on  2,  3,  as  it  acts  upwards 
and  outwards  from  2;  then  for  joint  3  we  have  CB,  EF,  known;  HF, 
and  CH,  the  stresses  on  3, 4  and  3, 5;  and  the  polygon  of  forces  then 
in  order  would  be  CEFHC.  HF  Skcting  upwards  towards  3  would 
be  compression  in  3, 4.  The  diagonal  stresses  would  now  remain  con- 
stant, as  seen  at  3,  4  =  2, 3  etc.;  but  here  we  note  that  the  load  at  2 
produces  tension  on  2,  3  and  an  equal  compression  on  3, 4,  whereas,, 
referring  to  figure  (a),  we  had  compression  on  2, 3  and  tension  on  3, 4, 
due  to  uniform  load,  consequently  the  rolling  load  produces  a  con- 
trary stress  on  3, 4  and  2, 3  to  that  caused  by  the  dead  load.  If  then 
2,  3,  figure  (a),  is  greater  than  {BF),  or  2, 3,  figure  b,  that  member 
will  always  be  compressive;  if  otherwise,  then  it  would  change  from 
compression  to  tension  when  the  load  comes  on  the  bridge,  the  re- 
sulting tension  being  difference  between  2,  3,  figure  («)  and  2,  3,  fig- 
u re  (c).  In  other  words  it  should  be  counterbraced,  as  fully  explained 
in  preceding  articles.  It  is  evident,  for  such  simple  trusses,  that  no 
labor  is  saved  by  resorting  to  the  graphical  method  for  rolling- 
loads,  as  we  have  to  calculate  the  reactions  anyhow,  and  the  reac- 
tion is  the  shear  in  3,  4  or  2,  3,  causing  a  stress  different  from  the 
dead  load ;  but  the  dead  load  shear  in  3, 4  and  2,  3  is  H  panel  loads; 
that  is,  the  load  between  4  and  the  centre  of  the  span,  which  can 
be  made  mentally;  and,  moreover,  a  different  diagram  must  be 
constructed  for  every  new  position  or  number  of  moving  loads  on 
the  span.  Until  the  rolling  load  passes  the  centre  it  tends  to  reverse^ 
all  of  the  dead-load  stresses  in  the  members  on  the  same  side  of  tlu 
centre;  after  it  extends  over  more  than  one  half  of  the  span  it 
causes  the  same  kind  of  stress  in  the  web  members  as  the  dead-load 
stresses  and  the  ultimate  maximum  is  the  sum  of  the  two.  This 
subject  has,  however,  already  been  fully  discussed.    A  similar  dia- 
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^am  could  be  construe  ted  with  two  or  more  loads  on  the  span,  but 
the  above  sufficiently  illustrates  the  application  of  the  principles. 

QEAPHICAL   UETHOD  :    THE    WHIPPLE   OB    LIITYILLE   TRUSS. 

&71.  The  Whipple  truss  is  a  modification  of  the  Pratt  tmss. 
It  is  in  fact  composed  of  two  Pratt  trusses  having  common  chords, 
but  two  independent  aets  of  diagonals  and  verticals.  When  both 
chords  are  horizontal  the  truss  can  be  separated  into  two  Pratt 
trnsses,  and  the  stresses  calculated  as  ali'cady  esplaiiied;  tiie 
■stress  on  any  chord  panel  being  the  sum  of  those  obtained  from  the 
two  separate  trusses.  This  form  of  truss  then  presents  no  diffi- 
culties and  involves  no  special  principles  which  have  not  been 
already  discussed. 

In  long  spans,  however,  the  upper  chord  is  usually  curved,  the 
curve  being  approximately  that  of  a  parabola.     (See  Figure  359.) 

It  is  evident  in  this  case  that  the  truss  cannot  be  separated 
into  independent  trusses,  owing  to  the  inclination  of  the  upper 
chord  the  two  systems  are  mutually  interdependent,  since  the 
members  in  one  system  induce  stresses  in  the  other.  In  such 
&  truss  there  will  necessarily  be  some  ambiguity  in  determin- 
ing the  stresses,  and  it  becomes  necessary  to  make  certain  assump- 
tions which  may  or  may  not  be  true.  If,  however,  the  assumptions 
«rr  on  the  side  of  safety  no  harm  can  result.  It  is  therefore  im- 
possible to  intersect  the  structure  in  any  direction  by  a  plane  that 
"will  not  cut  more  than  three  members.     The  stresses  can  then  only 


fee  determined   by  making   certain    assnmptions,  which    cannot 
involve  any  danger.     The  following  assumptions  are  made  : 

1.  If  a  uniform  load  covers  the  eutire  truss,  the  counterbraces 
are  not  needed.  These  are  13/ and  the  other  dotted  lines  parallel  to 
it  on  the  same  side  of  the  centre  of  the  span,  and  3f  and  those 
members  parallel  to  it  on  the  same  side  of  the  centre. 
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2.  That  the  point  at  which  the  reaction  jB,  ,  diminished  by  the 
loads  at  the  panel  points,  is  zero  {R  —  w  -{■  u\  +  w,  +  etc.  =  0), 
divides  the  load  into  two  parts,  and  that  each  part  travels  to  the 
nearest  abutment  by  the  most  direct  route. 

3.  At  the  point  where  jB  —  i(?  +  «;,  +  ^t  +  ©tc.  =  5  —  2w  =  0, 
only  those  diagonals  that  slope  upwards  and  away  from  that  point 
are  supposed  to  act,  and  this  whether  they  are  main  or  counter- 
braces.  Assume  for  any  condition  of  loading  that  makes  R  —  2w 
=  0  at  panel  point  13,  for  instance,  all  verticals  act,  but  only  the 
diagonal  13/,  and  those  sloping  upwards  towards  the  right  to  i?, 
including  both  a'2,  and  a'l,  and  on  the  left  of  13,  only  those 
sloping  upwards  to  the  left,  ^13,  al4,  «15,  and  similarly  for  any 
other  point. 

AVith  these  assumptions  it  will  be  always  practicable  to  find 
some  point  through  which  a  plane  can  be  passed,  only  intersecting 
three  members  of  the  truss,  the  stresses  in  these  three  being 
found  either  by  moments  or  graphically.  The  position  of  the 
plane  can  then  be  shifted  so  as  either  to  intersect  only  three  mem- 
bers,  or  if  intersecting  four  members,  one  of  which  has  already 
been  intersected  by  another  plane  and  the  stress  determined,  the 
remaining  stresses  can  then  be  found.  The  method  by  moments 
requires  much  labor,  especially  if  the  various  lever-arms  are  calcu- 
lated. By  scaling  the  lengths  of  the  lever-arms  on  a  large  drawing 
the  labor  is  materially  reduced  and,  with  care,  the  results  sufficiently 
accurate.  But  for  structures  of  this  kind  the  graphical  method 
greatly  simplifies  the  determinations  of  the  stresses. 

The  stresses  in  a  few  of  the  members  will  be  determined  by 
moments  to  illustrate  the  principle,  which  applied  to  all  of  the 
members  in  succession  will  determine  the  nature  and  amount  of 
stress  in  each. 

Tjcngth  of  span    =  200  ft.  Height  at  centre  =  35  ft. 

"  panel  =12.5  ft.  "       "ends    =15" 

Nu  mber  of  panels  =  16.  Radius  of  upper  chord  =260  ft. 

Upper-chord  panel  weight  =  3.125  tons  \  =  w^, 

V  Dead  load. 
Lower-chord  panel  weight  =  5.000  tons  )  =  ?c,. 
Uniform  rolling  load  per  panel  =  13.0  tons  =  w. 
Four  panels  rolling  load  at  the  front,  =  17.0  tons  each,  =  V)\ 
Engine  excess  per  panel  =  ?«;'  —  w  =  4  tons  =  e. 
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Find  first  the  stresses  due  to  the  dead  load. 

R  —  R^y  the  reactions  at  the  ends  of  the  trass. 
R  =  7.5(w,  +  w^  =  7.5  X  8.125  =  60.94  tons. 

As  the  connterbraces  do  not  act  under  the  dead  load,  a  plane 
CD  to  the  left  of  the  centre  vertical  cuts  only  three  members,  A*, 
gS,  and  9,8.  The  lever-arm  of  the  stress  H  in  hs  is  the  line  n8  per- 
pendicular to  it;  its  length  can  be  found  by  calculation  or  by  scale. 
It,  however,  differs  so  slightly  from  58  that  it  will  be  taken  equal  to 
it.     Hence  we  have 

7.5K  +  w,)  X  100  -  l(w^  +  w,)  X  50  -  iTx  35  =  0. 

H  =  92.9  tons.  The  stress  in  9,  8  and  ^8  can  now  be  found  by 
the  construction  of  the  force  polygon 

JS  -  2w  ==  7.5(i(;,  +  w,)  -  7{w^  +  w,)  =  4.062  tons. 

Laying  a  line  parallel  to  hs  =  H  to  a  scale  of  20  tons  to  the 
inch,  4v  =  ^'^^  i"-^  ^^^  »  vertical  =  ^^»  =  0.203  in.,  and  com- 
pleting the  polygon  by  lines  parallel  respectively  to  9,8  and  gS, 
these  lines  will  represent  the  stresses,  and  the  arrow-heads  their 
directions  (Fig.  359(a)).  We  have  AB  upwards  =  0.203  in.  = 
4.062,  AD  =  4.65  in.  =  92.9  tons  compression  in  hs;  BC  acting 
outwards  to  the  right  along  9,8  is  tension  =  4.575  in.  =  91.5  tons; 
and  CD  acting  downwards  or  outwards  in  ^8  is  tension  =  0.125  in. 
=  2.5  tons.  This  is  the  only  panel  on  the  left  of  the  centre  of  the 
«pan  in  which  a  plane  can  be  taken  that  will  not  cut  more  than  three 
members,  except  the  end  panel,  where  we  know  that  16,15  is  not 
under  stress;  but  this  point  should  be  proved  rather  than  assumed. 
But  a  cutting-plane  C^D^  cuts  gh,  Sg,  Zi9  and  9,8.  The  stresses  in 
two  of  these  members  having  been  determined,  the  remaining  two 
can  be  found.  Assuming  the  length  and  direction  BC  and  CDy 
diagram  figure  (a),  drawing  then  from  the  extremities  B  and  /> 
lines,  respectively  parallel  to  gh  and  A9,  DF  and  BF  closing  the 
polygon.  DF,  acting  to  the  left  or  inwards  on  gh,  is  compression 
=  4.666  in.  =  93.32  tons.  The  line  FB  acting  upwards  is  the  up- 
ward  force  to  produce  equilibrium.  This  must  be  found  in  the 
stress  in  h9,  and  the  resultant  of  the  external  forces  R  —  2w  = 
7.5(w,  +  wj  —  7w^  —  6w^  =  7.19  tons.  As  only  six  upper-chord 
panel  loads  are  between  the  end  of  the  span  and  the  cutting 
plane,  and  seven  lower-chord  panel  loads,  then  FB  —  7.19  tons 
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must  be  the  stress  in  ^9,  and  acting  upwards  will  be  tension  in  k9; 
FB  -  7.19  =  0.45  X  20  -  7.19  =  1.81  tons.  In  the  language  of 
of  graphics,  we  first  draw JPjB  upwards  and  then,  to  close  the  polygon, 
R  —  ^10  downwards;  the  difference,  acting  in  the  direction  of  the 
greater,  would  be  the  stress  in  the  vertical  member  cut.  Under  the 
dead  load  it  is  to  be  noted  that  A9  is  under  a  tensile  stress  of  1.81  tons. 
sS  will  also  be  under  a  small  tensile  stress.    The  ultimate  stress  is 


B 

r 


A^_. 


F 


Fig.  859  (a). 


Fig.  359  ip). 


to  be  found  by  adding  algebraically  the  stresses  due  to  the  live 
load  in  these  membei-s,  which  will  vary  both  in  kind  and  amount. 
As  the  load  passes  from  panel  point  to  panel  point  the  greatest  of 
these  results  must  be  selected  and  added  algebraically  to  the  dead- 
load  stress;  this  will  give  a  maximum  tensile  and  compressive 
stress.  These  members  must  then  be  counterbraced,  that  is, 
formed  and  connected  to  act  both  with  tension  and  compression. 
It  may  be  noted  that  diagrams  Fig.  359  {a)  and  (h)  have  two  lines  in 
<;ommon,  jR(7and  CD.  Fig.  359  {h)  could  have  been  formed  on  (a) 
by  simply  drawing  two  lines  DFcLnd  FB  as  indicated  by  the  dotted 
lines  in  Fig.  359  {a);  as  it  avoids  drawing  over  and  over  again  the 
same  lines  to  scale,  labor  and  time  are  both  saved.  In  this  consists 
the  graphical  method — building  one  diagram  on  another  along  com- 
mon lines.  For  accuracy  the  scale  of  the  drawing  should  be  large 
— not  less  than  10  tons  to  the  inch.  The  diagram  Fig.  359  (c)  will 
be  constructed  to  a  scale  of  15  tons  to  the  inch.  A  skeleton  diagram 
of  the  truss  should  be  drawn  carefully  on  the  same  paper  so  as  to 
secure  perfect  accuracy  in  the  parallelisms  of  the  lines.  In 
diagram  Fig.  359  (c)  a  and  b  are  shown  by  the  dotted  lines  en- 
closed  by  the  letters  BCDF.  Take  a  cutting-plane  C^D^  cutting 
S^9  ff^9  f^9  a^d  10,9.  Stresses  in  gh  and  ^8  are  known,  the  other 
two  can  be  found;  R  —  ^w  =  FO ;  7.5(tr,  +  ?rj  —  6(w,  +  w^)  = 
12.19  tons;  FO  =  ^-^  =  0.813  in.,  drawing  lines  from  G  and  c 
parallel  respectively  to  10,9  and  /9  of  Fig.  359,  intersecting  at  c,. 
Then  ffc, ,  tension  in  10,9,  =r  5.95  in.  x  15  =  89.25  tons;  and  re,, 
tension  in  fd,  =  0.259  in.  x  15  =  3.88  tons;  the  arrow-heads  indi- 
cating the  direction  and  kind  of  stress.  Plane  c^d^  cutting/^,  /19, 
^10,  10,9— y^,  ^10  unknown — draw  cG^  and  GG,  respectively,  par- 
allel iofg  and  ^10;  R  —  ::Sw  =  60.94  —  6w,  —  5w^  =  15.315  tons; 


1136      GRAPHICAL  METHOD  APPLIED  TO  THE   WHIPPLE  TKUSS. 

00^—  0.921  in.  X  15  =  13.815  tons  acting  upwards,  hence  stress 
in  ^10  =  15.315  —  13.815  =  1.5  tons  acting  downwards  =  com- 
pression.    Compression  in  fg  =  cG^  =  6.12  in.  x  15  -  91.8  tous. 

Cutting-plane  O^D^  intersects /i^', /9,  elO,  10,11;  unknown,  6lO 
and  10,11.  E  —  2w  =  60.94  tons-5(ttT,  +  w^)  =  20.315  tons;  lay 
off  G^H  =  *^|^*  =  1.354  in.  From  //  and  c^  draw  Hc^  and  c,r, 
parallel  respectively  to  10,11  and  clO,  intersecting  in  c,.  Hc^  ten- 
sion in  10,11  =  6.58  in.  X  15  =  83.7  tons;  c,c,  tension  in  dO  = 
0.54  in.  X  15  =  8.1  tons. 

Plane    C\D^  cuts  ef,  elO, /ll,  10,11;  unknown,  c^, /1 1;  c^H^, 
parallel,  to  ef  =  6.00  x  15  =  90.0  tons,  compression.     B  —  ^w  = 
60.94  -r  52^,  -  4u\  =  23.44  tons;   HII,  =  1.47  in.  X  15  ^  22.05; 
compression  in  /ll  =  23.44  —  22.05  =  1.39   tons,  acting  down- 
wards.    Similar  cutting-planes,  cutting  each  time  four  members, 
two  of  which  are  unknown,  and  lines  drawn  parallel  to  these  will 
form  each   time  a  four-sided  polygon,  with  the  known  stresses. 
R  —  2w  is  laid  off  upwards  in  finding  bottom-chord  and  diagonal 
stresses,  and  downward  in  finding  top-chord  and  vertical  stresses, 
and  noting  that  diagonal  and  chord  stresses  are  shown  on  diagram 
c  by  corresponding  and  parallel  lines,  but  that  the  vertical  stresses 
are  the  differences  between  the  vertical  lines  closing  the  four-sided 
polygon  formed  by  the  lines  representing  the  stresses  in  the  npper 
and  lower  chord  and  the  diagonal  cut  by  the  same  plane  which 
cuts    the   vertical   and    the   value    of   ^  —  2w   for    that    plane. 
R  —^w  in  these  cases  is  laid  off  downwards :  if  this  is  the  greatest, 
the  difference  acts  downwards  and  indicates  compression;  if  the 
smallest,  the  difference  acts  upwards  and  indicates  tension.    Bear- 
ing this  in  mind,  the  completion  of  the  diagram  is  simply  a  repeti- 
tion of  what  has  gone  before,  and  only  results  will  be  given  for  the 
remaining  members.     The  lines  on  the  diagram  show  the  members 
of  the  truss  to  which  they  correspond;  the  arrow-heads  indicate 
the  direction  and  consequently  the  kind  of  stress.     JR  —  2w  = 
28.44  tons  =  //,/  =  1.9  in. ;    /c,  =  5.2    in.  X  15  =  78.0  tons  ten- 
sion  in    12,11;    c^c^  =  tension  dU  =  0.57  in.  x  15  =  8.6   tons, 
R  —  2w  =  31.595  tons;  compression  e\2  =  31.595  —  //,  =  31.595 
—  1.7  X  15  =  6.095   tons;    compression  de  =  5.75  X  15  =  S6.2.i 
tons.     R  —  ^w  =  36.565  tons  =  I,K  =  2.438  in.;    Kc^  =  tension 
13,12,  =  4.4  X  15  =  66.0   tons;   c,c,  =  tension   cl?  =  1.1  X  15  = 
16.5  tons.     R  —  270  =  39.69  tons  ;   c^K^  =  compression  in  «/  = 
5.375  X  15  =  80.625  tons;   compression  in  dl3  =  39.69-2.15  X 
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15  =  7.44  tons,  i?  -  2  w=  44.69  tons  =  K,M  =  2.979;  c^M  = 
tension  in  14,13  =  3.314  X  1.5  =  49.7  tons;  c^c^  =  tension  613 
=  1.4  X  15  =  21.0  tons.  R  —  ^w  =  47.815  tons ;  c,Jf,  =  com- 
pression be  =  4.64  X  15  =  69.6  tons  ;  compression  6l4  =  47.815 
-  (J/i/)2.312  X  15  =  13.135  tons.  R  "  ^w  z^  52.815  tons  = 
m^N  —  3.521  in. ;  Nc^  =  1.267  x  15  =  21.0  tone,  tension  on  14,15  ; 
Cfi^  =  tension  «14  =  2.3  X  15  =  34.5  tons.  R  —  2w  =  60.94  — 
«;,  =  55.94  tons,    NN^  =  2.438  in.  X  15  =  36.57  tons ;  compres- 


Fio.  859  (c). 


sion   615  =  55.94  —  36.57  =  19.37  tons;   c^N^  compression  aJ  = 
3.513  X  15  =  52.7  tons. 

Plane  cutting  ah,  «14,  al5, 16,15  :  R  -  :^w  ^  60.94  -  3.125  = 
JV,0  =  57.815  tons  =  3.854  in.  ;  t?,c,  =  tension  al5  =  2.12  X  15 
=  31.8  tons.  Stress  in  16,15  =  zero.  This  is  evident,  as  the  end 
member  is  vertical.  Had  it  been  inclined  outward,  there  would  be 
tension  on  16,15  and  16,17  equal  to  the  horizontal  component  of  tho 
stress  in  17a,  these  members  are  shown  by  dotted  lines  in  16,17 
and  al7.     Stress  on  al6  =  compression  =  60.94+  3.125  =  64.0Cr> 
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tons^  as  w  rests  at  a.    If  al7  had  been  used  instead  of  al6  as  end 

al7 
strut,  the  compression  on  all  =  64.065  X  -yj;. 

972.  Owing  to  possible  confusion  of  lines,  errors  in  direction  or 
scaling  of  lines  in  diagram  Fig.  359  (c),  checks  should  be  made  as 
the  diagram  is  constructed.  Upper-  and  lower-chord  stresses  can  be 
readily  checked  by  moments,  as  their  lever-arms  can  be  calculated 
or  scaled  from  the  drawing  of  the  truss.  The  stress  in  the  verti- 
cals are  found  in  the  vertical  line  OH^  of  the  diagram,  and  is  the 
vertical  closing  line  of  the  four-sided  polygon,  formed  by  lines  par- 
allel to  the  upper-  and  lower-chord  panels  and  diagonal  and  vertical 
intersected  by  the  cutting-plane,  diminished  by  B  —  2w  for  that 
position  of  the  plane  and  supposed  to  act  downwards;  the  sign  of 
this  difference  indicates  the  direction  of  the  stress  as  shown  in  the 
preceding  discussion.  The  difference  in  the  lengths  of  the  verticals 
can  be  calculated  from  the  equation  of  the  curve  of  the  upjier 
chord,  or  the  lengths  can  be  scaled  direct  from  a  large  drawing. 
The  lengths  of  the  lever-arms  of  the  stresses  in  the  chord  panels 
can  also  be  determined  by  scaling  or  by  calculation.  To  illus- 
trate the  method  of  checking  the  stresses  by  moments,  or  find- 
ing the  stresses  by  the  method  of  moments,  we  will  assume  a 
plane  c,,Z>„,  one  of  the  planes  used  in  constructing  diagram  No. 
c.  Cutting  be,  bid,  cl4,  and  14,  13,  draw  the  following  diagram. 
Fig.  359  (ft').  Exact  scaling  is  not  here  used  aud  is  not  necessary. 
The  upper- chord  lines  are  taken  lis  either  the  chord  or  tangent 
lines  of  tlie  actual  curves  of  the  chord  panels;  the  lettering  is  the 
same  as  in  Fig.  359.  The  lengths  of  all  of  the  members  of  the 
truss  in  feet  are  known.  As  the  cutting-planes  intersect  four  mem- 
bers, one  of  them  must  be  known  as  to  kind  aud  amount  of  stress. 
Ijet  this  be  the  tension  in  bid  any  one  of  them  except  the  stress  in 
the  vertical  cl4  can  be  readily  found,  commencing  at  the  centre 
of  the  span  as  in  diagram  Fig.  359  (c).  Required  to  find  stresses 
ill  bcy  14,  13  and  cl4.  As  the  moments  for  each  must  be  taken 
about  an  axis  at  the  intersection  of  the  other  two,  the  lever-arm 
of  the  stress  in  be  is  wl4  =  cl4  cos  nl4c;  angle  nl4c  =  cbm,  which 
can  be  found,  as  we  know  cm,  cb,  and  bm;  also  angle  m  in  the  tri- 
angle cbm.  Calling  7^1 4c  =  0,  compression  in  be  X  ^14  cos  ff  = 
moment  of  external  forces  =  ^  X  16, 14  —  {w'  +  w,  +  u\)  X  14,15, 
from  which  stress  in  be  can  be  found.  Tension  in  14,13  X  rl4  =  R 
X  16,14  —  (iv'  -j-  w^  +  K\)  X  14,15;  from  which  tension  in  bottom 
chord   14,13   is  found.      Stress  in   c;14  X  014  =  -  ^  X  016  -f 
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{to'  +  w^  +  w,)  X  015  +  (w'+  w,)  X  014.  We  must^nd  014  and 
015,  which  being  substituted  in  the  equation,  we  can  find  the  stress 
in   6l4.     From   Fig.  359  (^'),  014  :  cl4  ::  Jm  :  cm.    bin  =  14,15; 

€7n  =  cl4  -  ^15;  .  •.  014  =  ^^t.^  ^t\^l  015  =  014  -  15,14.     If 

cl4  —  £>15 

the  stress  in  chord  panel  14,13  is  known,  the  lever-arm  of  the 

stress  in  the  diagonal  613  is  cn^  =  be  X  sin  cbn,  which  is  a  known 

quantity.     .*.  stress  in  blSxbc  sin  c6n,=£x  16,14— (tt;'+tr,+w,) 

.X  15,14.     If  the  stress  in  cl4  is  known,  the  lever-arm  of  the  stress 
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in  513  would  be  ZO  =  013  x  sin  013Z.  Other  combinations,  de- 
pending upon  which  one  of  these  stresses  is  known,  will  readily 
suggest  themselves,  as  the  lever-arms  will  be  different  for  the  un- 
known stresses  in  each  case.  Assuming  that  the  stress  in  the  diag- 
onals is  known,  the  following  rules  will  give  the  lever  arms  of  the 
stresses  in  any  upper-  or  lower-chord  panel  and  any  vertical,  with- 
out drawing  separate  diagrams  for  each. 

1st.  The  lever-arm  of  any  upper-chord  panel  is  equal  to  the 
length  of  the  vertical  multiplied  by  the  cosine  of  the  angle  made 
by  the  chord  panel  in  question  with  a  horizontal  line. 

2d.  The  lever-arm  of  the  stress  in  any  lower-chord  panel  is 
equal  to  the  length  of  the  vertical. 

3d.  The  lever-arm  of  the  stress  in  the  vertical  is  equal  to  the 
product  of  the  length  of  one  bottom-chord  panel  by  the  length  of 
the  vertical  itself,  divided  by  the  difference  between  the  vertical  in 
question  and  the  next  one  on  the  side  of  the  axis  of  moments 
(as  O). 

These  rules  apply  to  any  case  where  the  cutting-plane  is  placed 
as  in  the  above  case  with  respect  to  the  members  cut,  and  the  di- 
agonal stress  is  known.  Other  conditions  will  give  different  rules. 
The  moments  of  the  external  forces  R  and  2w  vary  from  panel  to 
panel,  of  course. 
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972^.  Whether  the  stresses  above  determined  by  moments  will  be 
tension  or  compression  will  depend  npon  the  relative  value  of  the 
moments  of  R  and  ^w  and  the  direction  of  these  moments.  The 
moment  of  the  stress  will  have  the  sign  of  the  smaller  of  the  two. 
If,  as  is  usually  the  case,  the  portion  of  the  truss  taken  is  less  than 
one  half  of  the  span,  and  on  the  left  of  the  cutting-plane  and 
centre  of  the  span,  the  moment  of  R  will  be  the  greater.  It  may,, 
however,  be  negative  or  positive :  negative  if  the  axis  is  on  the  left,, 
as  at  0,  and  positive  if  the  axis  is  to  the  right,  as  at  <;  or  14.  In 
this  latter  case,  as  ^  is  positive  and  greater  than  ^w,  the  moment 
of  the  stress  in  he  is  negative,  and  then  the  stress  must  act  inwards 
on  cj)y  Fig.  359  (c^),  and  consequently  must  be  compression.  The 
moment  of  the  stress  in  14,13  must  also  be  negative  with  respect  to 
axis  at  c,  and  the  stress  must  act  outwards  from  point  14,  causing 
tension.  Also,  moment  of  stress  ini^  13  with  respect  to  axis  at  o 
must  be  negative,  and  the  stress  acting  outwards  and  downwards 
from  nfi  causes  tension  at  ^13.  If,  however,  the  axis  is  at  0,  mo- 
ment of  R  is  negative,  moment  of  stress  in  ^13  positive,  still  re- 
quiring the  stress  to  act  outwards  from  nfi.  Also,  in  this  case,  the 
moment  in  c;14  being  positive,  the  stress  must  act  downwards  on 
6;14,  causing  compression.  The  stresses  found  by  this  method 
should  agree  practically  with  those  found  graphically  in  diagram 
359  (c). 

Also  the  web  stresses  can  be  checked  by  recollecting  that  the 
vertical  component  of  the  stress  in  any  diagonal  must  be  equal  to 
the  algebraic  sum  of  the  stress  in  the  vertical  which  meets  it  at  its 
lower  extremity  and  the  load  which  hangs  from  the  same  point.  The 
algebraic  sum  is  taken,  since  in  some  of  the  verticals  the  stress  is 
sometimes  tensile;  with  parallel  and  horizontal  chords  it  would 
always  be  the  numerical  sum :  which  is  likewise  true  with  all  but  a 
few  verticals  in  trusses  with  curved  upper  chords.  These  checks 
should  be  used  at  several  points  to  prevent  errors  arising  and  ac- 
cumulating. 

ROLLING-LOAD   STRESSES. 

973.  To  determine  the  stresses  due  to  the  rolling  load  assume 
the  load  to  come  in  from  the  right  and  rest  successively  at  dif- 
ferent panel  points  (Fig,  359),  when  the  locid  reaches  the  point 
3,  the  foot  of  the  counter-brace  /'3,  which  is  the  first  one  needed; 
then,  according  to  the  third  assumption,  only  the  diagonals  f'Z 
and  those  (nearly)  parallel  to  it  on  the  left,  all  of  the  way  to  R, 
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the  left-hand  reaction  will  act,  and  all  verticals  except  e'4,  d%  and 
-€'2  will  act,  and  on  the  right  only  the  diagonals  5'3,  a'3,  and  a'l, 
4ind  the  verticals  ^'1  and  a'O,  (See  Fig.  359.)  A  plane  xf/  cuts 
^'d'yf'^^y  and  4,3.  There  will  be  three  panels  of  uniform  load  and 
excess  loads  =  Z{^  ■\-  e),  the  resultant  acting  at  2;  hence  reaction 
R  on  the  left  =  3  X  17.0  X  f  j^  =  6.375  tons  =  /?.  R—  ^lo  =  0  at 
3,  or  head  of  moving  load.  Taking  moments  about  3,  stress  in 
<'tV  X  »3  =  6.375  X  162.5'.  w3  by  scale  =  26  ft.;  compression  eW 
—  39.46  tons.  Diagram  359  (ft,)  gives  the  force  polygon,  in  which 
iJD  parallel  to  /'3  =  1.269  in.  X  15  =  19.0  tons  acting  downwards, 
is  tension.  The  letters  indicate  the  corresponding  members  of  tlie 
truss,  the  arrow-heads  the  direction  of  the  stress.  Until  the  roll- 
ing load  covers  the  entire  span  the  chord  stresses  are  of  no  value, 
-except  in  so  far  as  they  may  be  necessary  to  determine  the  stresses  in 
the  diagonals  and  verticals;  a:,y,  cuts/V,/'3,  ^'4,  and  5,4;  /'3  is 
known;  f'e'  can  be  found  by  moments;  rolling  load  at  4,  R  —  '^xv 
=  0  at  4.  Lever-arm  of  e'f  =  30  ft.  by  scale,  hence  compression  in 
e\f'  X  30  =  \(w  +  «)  X  \i  X  150'=  10.625  X  150';  .-.  compres- 
sion in  e'f  =  53.15  tons;  R  =  10.625  tons,  and  /'3  is  not  sup- 
posed to  act  with  this  position  of  moving  load,  ^'4;  tension  =  1.6 
X  15  =  24  tons.     (See  Fig.  359  (J,).) 

If  the  plane  cuts  g'f',g'^y  A'5, 6, 5,  rolling  load  at  5,  then  ^'4  does 

3  3+ 

not  act.     Beaction  i2  =  5w  X  r^  +  46  X  7I  =  15.69  tons.     Lever- 
lb  lb 

:arm  of  g'f  =  32.5;  compression  in  g'f  =  15.69  X  137.5  -r-  32.5 

=  66.4.    Diagram  Fig.  359  (ft,)  gives  stress  in  A'5  =  tension  =  1.9 

in.  X  15  =  28.5  tons.    Up  to  the  point  5,  /?  —  ^w  has  become  zero 

4it  the  head  of  the  train,  and  the  above  diagrams  give  the  stresses  in 

34 
the  counters.    When  the  load  reaches  the  point  6,  iZ  =  6t^X  f?  + 

4^ 
4c  X  r«  =  21.56  tons.     As  a  panel  weight  at  the  head  of  the  train 

is  w  -f  6  =  17  tons,  72  —  17  =  4.56  tons ;  it  is  seen  then  that  R  — 
^io  becomes  zero  at  the  point  5,  and  according  to  the  second  assump- 
tion the  acting  diagonals  on  the  left  will  be  5A'  and  those  sloping 
upwards  and  outwards  or  in  the  same  direction  as  A'5,  and  on  the 
right  bd'  and  those  sloping  the  same  way.  Taking  a  plane  cutting 
g'f^  h^o,  and  6,5,  and  taking  moments  with  respect  to  axis  at  5, 
compression  in  //  =  R  X  137.5'  —  (w  +  e)  X  12.5  -5-  32.5  =  84.38 
tons.  When  R—2w  is  zero  at  the  head  of  the  train,  the  only  exter- 
nal force  is  the  reaction;  but  when  it  is  zero  at  some  point  in  the 
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rear,  there  will  be  one  or  more  panel  loa<}s  on  the  same  side  of  th& 
cutting-plane  as  R,  and  the  moment  of  these  loads  must  be  deducted 
from  the  moment  of  the  reaction.  In  the  above  case  there  was  but 
1  panel  load  (w  +  e)y  and  its  lever-arm  was  1  panel  =  12.5  feet.  The 
moment  of  the  stress  in  g'f  is  equal  to  the  difference;  where  there 
are  more  loads,  as  2,3,  or  ^{w  -f  e)y  the  moment  of  the  resultant 
must  be  deducted,  and  for  the  same  reason  {w  +  e)y  2{w  -f  f),. 
3(f/i  +  e)  must  be  deducted  from  R  for  the  resultant  vertical  forces. 
For  the  above  position  of  the  load  and  cutting  plane  we  can  then 
construct  the  following  diagram,  359  (d).  Draw  a  vertical  line 
OjO,  and  at  some  point  draw  a  line  parallel  to  g'f  =  ^|iP  =  4.219 
inches.  A  scale  of  20  tons  to  the  inch  will  be  used  for  convenience; 
for  accuracy  it  should  not  exceed  10  tons,  i?  —  w  +  ^  =  4.56  tons, 
equal  to  AB',  the  remaining  lines  parallel  to  h'b  and  6,5,  marked 
with  the  same  letters,  are  the  stresses  giving  tension  in  7/ '5  =  0.9 
inch  X  20  =  18.0  tons.  Now  cut  h'g'y  h'6,  g'Q,  and  6,5;  draw  g'h' 
parallel  to  same  line  in  truss  meeting  the  vertical  at  c:  it  is  com- 
pression in  h'g'.  BO  —  AB  =  stress  in  g'6  =  0.19  X  20  =  3.8 
tons;  this  acting  upwards  is  tension,  as  AB  =  4.56  tons  acts  down- 
wards and  BC  upwards.  The  next  plane  cuts  A'^',  A'5,  ^f6,  and 
7,6.  This  position  of  the  plane  leaves  R  =  21.56  tons  =  1.07 
inches  as  the  only  external  load.  Lay  this  off  from  C  to  DJi'  5  is 
known,  and  g'h'  cuts  the  vertical  at  C.  Then  drawing  lines  parallel 
to  7,6  and  s6  from  D  and  the  upper  extremity  of  A'5,  intersecting- 
in  F^y  FF^  is  the  stress  in  «6=0.75  inch  X  20=15  tons,  which,  act- 
ing downwards,  is  tension.  Next  cut  «/*',  «6,  h'7  and  7,6;  as  «6  and 
7,6  are  known,  draw  from  F  a  line  parallel  to  8h'=FG  =  compres- 
sion in  sA';  this  line  cuts  the  vertical  in  G.  GD  acts  upwards  and 
R  downwards  from  D  to  (7;  therefore  DC  -  GD  —  1.07  —  0.56  = 
0.51  inch  X  20  =  10.2  tons,  which  must  act  downwards,  as  ^  is 
the  greater  and  laid  off  downwards.  (rCis  then  the  compression 
in  A'7.  The  vertical  component  in  «6  would  evidently  be  the  com- 
pression in  sS  if  the  upper  chord  was  horizontal;  but  this  is  dimin- 
ished, by  the  upward  components  in  the  two  panels  sh  and  sh'  at 
the  centre;  therefore  if  we  draw  from  F^y  the  upper  extremity  of  s^y 
a  line  parallel  to  the  panel  sh  on  the  left  of  Sy  as  i^,ff„  G^Gy  will 
be  Jthe  compression  in  sS,  as  it  must  act  downward,  and  equal  S.S 
tons.     The  vertical  components  of  sh  and  sh'  are  found  in  DG^  and 

GB,    Let  the  rolling  load  rest  at  7.     Reaction  i2  =  7wXA  +  4«X 
51 

~=  28.25  tons;  as  two  panel  loads  would  be  34  tons,  R  —  2w  =  O 
16 
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at  panel  point  6.  Therefore  $6  and  those  diagonals  on  the  left 
sloping  the  same  way  will  act,  as  also  6e'  and  those  sloping  the 
same  way  on  the  right.  Take  a  plane  cutting  h'g\  86,  and  7,6. 
Lever-arm  of  h'g'  with  respect  to  axis  at  6  =:  34.0  feet.  Compres- 
sion in  ff'?i'  =  /2  X  125  -  (w  +  e)  X  12.5  ^  34  =  97.61  tons.  Ji- 
w  -^  e=  11.25  tons.     Proceeding  as  before,  we  construct  diagram 


Fig.  359  (6,). 


Pig.  359  (6,). 


Fig.  359  (6s). 


359 {e).  Draw  AB  =  i^^J  =  0.562  inch,  also  AF,  =  ^P=  4.88 
inches  parallel  to  g'h';  F^F=  1.05  X  20  =  21  tons  =  tension,  «6. 
Next  a  plane  cutting  sh',  86,  A'7,  and  7,6;  draw  F^C  parallel  to  sh'y 
then  AC=  0.75  -  0.562  =  0.188  X  20  =  3.700  tons  =  tension  on 
//'7,  and  acting  upwards.  Cut  sh\  «6,/i7,  and  8,7;  lay  off  CI)  =  R 
=  ^1^0^-^,  and  draw  FF^  and  DF^.  FF^  =  stress  in  diagonal  7/7  = 
0  8  inch  X  20  =  16.0  tons  tension.  Then  cut  the  left-hand  panel,. 
hs,  hi,  sS,  and  7,8.     Draw  FG  parallel  to  hs  on  the  left  of  the  cen- 


Fig.  359  (<f). 

tre.  6^ C^  will  be  the  stress  in  ^,S  =  0.625  X  20  =  12.5  tons,  acting: 
downwards,  compression.  Draw  F^  (r,  parallel  to  gh  on  the  left ;  the 
plane  cutting  gh,  7/9,  sS  and  7,8.  GG^  will  then  be  the  stress  on  h^ 
acting  downwards  is  compression.  This  last  stress  polygon  is 
DF^F^OfiGfiGCD  acting  in  the  order  given  as  shown  by  arrow- 
heads. 

Let  the  rolling  load  reach  the  point  8,  which  is  the  centre  of 

the   span,      i?  =  8?^;  X  --;  +  4^  X  ^  =  35.75  tons,  as  this  is 
^  lb  Id 

greater  than  34.0  tons  two  panel  loads.  R  —  2w  =  0  at  the  poi?!t 
6,  and  2{tv  +  E)  will  be  in  front  of  the  point  6.  The  first  cutting- 
plane  cuts  h'g',  s6,  and  7,  6,  the  same  diagonals  acting  as  in  the  last 
case.  Lever-arm  of  h'g'  =  34.0  ft.  with  respect  to  axis  at  6 ;  benee 
compression  in  y'h'  =  i?  X  125  -  2(w  +  F)  X  H  X  12.5  -r-  34.0 
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=  112.68,  and  i?  —  2(0-  +  JST)  =  1.75  tons.  Diagnun  :^*^  -  :  r 
this  position  of  the  load  is  confitrncted  in  the  same  n  a-  --  kt 
before.  First  draw  a  line  parallel  to  g'h'  meeting  a  \en.'jL  Iz- 
at  A\  then   a  distance  upward  =  1.75  -^  20  =  0.1»9  it.:  F^J.  = 

=  5.634  in.;  and  then  lines  parallel  to  s^y  aiid  ~ 


.-'- 


20 

lines  to  scale  are  the  stresses.  F^F  =  tension  in  #6  =  0.'  •  :■ 
=  10.0  tons.  Next  plane  cuts  sh',  «6,  h'ly  and  7.6.  Te!i^; -r. 
-=^  BC  —  AB  =  G.26  —  1.75  =  4.51  tons  =  tension.  Xeii  \'.iz.^ 
cuts  sh',  «6,  hi,  and  8,7.  CD  =  35.75  ^  w  -\-  E  =  1S.75  toi-f :  :lr:i 
draw  J^/;  and  Z>/;.  Tension  7/7  =  0.75  X  20  =  15.0  loi^:  ;-: 
hSy  sS,  hi,  7,8.  GO  =  CD  -  GD  =  18.75  -  15.0  =  3.75  \oz^^,  *:> 
ing  downwards,  is  compression  on  isS.    Now  cut  #/i,  gS,  7i7,  aL :  o 

Lay  off  GG,  =  ^^^  =  1.788  in.    F,F^  =  tension  on  i/S  =  l.:  • 

20  =  24  tons.  Cut  gh, gS,  7/9, 9, 8.     From  /^,  draw  F^H,  stress  in  ; * 
and  HG  =  0.5  x  50  =  10.0  tons,  acting  downward,  is  compres?:  - 
in  7/9.   Then  cut  f,g,  glO,  A9,  9, 8.    Draw  F^II^  parallel  toX<7.  HH 
acting  downward  is  compression  on  ^10  =  0.85  x  20  =  17.0  tois. 

As  the  rolling  advances,  an  exactly  similar  diagram  is  con- 
structed for  each  point — a  convenient  order  for  the  cutting  plane? 
is :  First,  a  vertical  plane  in  tlie  panel  immediately  in  front  of  ihr 
panel  point  at  which  R  —  2w  is  zero.  This,  under  the  assump- 
tion as  to  acting  web  members,  cuts  only  three  members,  oce 
upper  and  one  lower  chord  panel  and  one  diagonal,  for  which  a 
four-sided  stress  polygon  is  constructed,  the  vertical  side  being  B  — 
(0,  1,  2,  or  3)  {w  +  E)j  as  the  case  may  be.  The  next,  an  oblique 
plane  cutting  the  same  lower-chord  panel  and  diagonal;  but  the 
vertical  and  upper-chord  panel  is  in  advance  of  the  first  plane; 
from  this  is  found  the  stress  in  the  vertical,  which  is  equal  to  the 
difference  between  the  first  vertical  line  and  that  found  between 
the  horizontal  and  the  line  parallel  to  the  last  upper-chord  panel 
cut.  The  difference  will  act  downwards  or  upwards,  as  the  firsi 
vertical  is  greater  or  less  than  the  second:  if  less,  downwards;  if 
greater,  upwards. 

'i'he  third  plane  is  vertical,  cutting  the  same  upper-chord  panel 
mid  diagonal  as  before,  but  a  bottom-chord  panel  and  diagonal  in 
advance;  a  single  four-sided  polygon  constructed  on  the  other  two 
stresses  enables  us  to  determine  the  two  unknown  stresses.  The  ver- 
tical is  either  i?,  or  72  reduced  by  one  panel  less  load  than  before. 

The  fourth  plane  is  an  oblique  plane  cutting  a  new  upper  chord 
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and  a  new  vertical,  bnt  the  same  lower  chord  and  diagonal  as  in  the 
third  plane;  a  similar  diagram  to  that  formed  for  the  second  plane 
^ives  the  vertical  and  upper-chord  panel  stress.  The  fifth  plane 
<juts  a  new  upper  chord,  a  new  vertical,  and  the  same  diagonal  and 
lower  chord  as  in  plane  4,  plane  5  being  oblique  and  between  and 
parallel  (nearly)  to  the  acting  diagonals.  The  above  order  of 
planes  will  never  cut  more  than  two  acting  members  and  some- 
times only  one. 

After  the  rolling  load  reaches  the  centre  and  passing  covers 
more  than  half  of  the  span,  it  is  not  necessary  to  deiermine  so  many 


Fig.  859  («). 


Fig.  359  (/). 


diagonals  and  verticals  for  each  position  of  the  head  of  the  mov- 
ing load,  as  the  maximum  stresses  in  diagonals  and  verticals  will 
generally  be  found  at  the  head  of  the  moving  load;  they  will,  how- 
ever, enter  into  the  diagram.  But  for  the  diagonals  and  verticals 
near  the  centre  the  stresses  in  all  must  be  determined  for  each 
position  of  the  load,  as  they  may  be  called  upon  to  act  either  as 
tension  or  compression  members  alternately,  and  must  be  counter- 
braced.  Where  more  than  one  stress  is  found  for  the  same  member, 
the  greatest  of  each  kind  must  be  selected  in  proportioning  the 
dimensions  and  connections  of  the  member,  the  remaining  being 
ignored.  The  necessary  counterbraces  on  one  side  are  all  deter- 
mined before  the  load  reaches  the  centre  of  the  span;  corresponding 
ones  must  be  introduced  on  the  other  side  for  the  load  coming  in 
the  opposite  direction.  The  chord  stresses,  as  already  mentioned, 
«re  of  no  value  in  these  diagrams,  except  as  they  are  necessary 
parts  of  the  diagrams.  As  acting  members  these  stresses  are  not 
maxima,  until  the  entire  span  is  covered.  It  will  not  be  necessary  to 
give  other  diagrams,  but  one  more  will  be  given  for  a  point  selected 
at  random  (Fig.  359  (g) ) ;  all  others  will  be  similarly  constructed. 
Selecting  the  point  13  for  the  head  of  the  moving  load,  R  =  Idw 

X^'-^eXj^  =  85.44  tons,  as  5  X  w  +  4e  =  81.0  tons;  B  - 

2w  =  0  at  the  6th  panel  point  to  the  rear,  which  is  the  point  8; 
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therefore  the  acting  diagonals  will  be  8g  and  those  sloping  the  same 

way  on  the  left,  and  8g'  and  those  sloping  the  same  way  on  the 

right.    These  are  all  main  braces,  no  counters  supposed  to  be  acting. 

Ist  plane  cutting  hs,  g8,  and  9,8.      The  lever-arm  of  hs  is  34.95 

ft.  with  respect  to  8.     The  external  forces  are  R^,  acting  upwards; 

its  lever-arm  is  8  panels  =  100  ft.,  and  4{w  +  e)  acting  downwards; 

lever-arm  =  3^  panels  =  43.75  ft.,  and  one  w,  acting  downwards; 

lever-arm  =  1  panel  =  12.5  ft.;  hence  compression  in  hs  =  [85.44 x 

100  -  4{w  +  e)  X  43.75  -  w  x  12.5]  -r-  34.95  =  154.69  tons.     To 

avoid  such  long  lines,  the  scale  for  this  diagram  Fig.  359  {g)  will 

be  30  tons  to  the  inch;  this  would  be  too  small  a  scale  for  accuracy. 

154.69 
Draw  a  vertical  line  00^;  then  draw  F^A  =        '       =  5.156  in. 

and  parallel  to  sh;  from  A  upwards  draw  a  line  AB  =  85.44  — 

4  44 
81.0  =  4.44  tons  =  -^  ^  0. 148  in.    Then,  in  the  closing  lines  F^F 

and  BF,  F,F  is  tension  in  ^8  =  0.125  in.  X  30  =  3.75  tons,  BF  = 
tension  in  9.8. 

2d  plane  gli,  g8,  A9,  and  9,8.  Draw  F^c  parallel  to  gh;  then 
AC=^  tension  on  h9  =  0.25  X  30  =  7.5  tons. 

3d  plane  cuts  gh,  g8,f9  and  10,9.  Lay  off  CO  upwards  =  R  — 
^w  +  c)  =  17.44  tons  =  0.581  inches,  and  draw  GF^  and  FF^  par- 
allel respectively  to  10,9  and/S.  FF^  =  tension  in/B  =  0.25  inch 
X  30  =  7.5  tons. 

4th  plane, /<7,  /15,  ^10,  and  10,9.  Draw  FD  parallel  to  fg.  CD= 
tension  on  glO  =  0.25  X  30  =  7.5  tons. 

5th  plane  cuts  fg,fd,  elO,  11,10.  Lay  oft  DG,  =  R  -  3(w  +  e} 
=  34.44  tons  =  1.15  inches,  and  draw  G,F^  and  F,F^.  -^,^,  = 
0.375  X  30  =  11.250  tons,  tension  in  elO. 

6th  plane,  ef,  clO,  /ll,  10,11.  HD  acting  downwards  =  com- 
pression on  /1 1,  =  1.9  tons. 

7th  plane  cuts  ef,  elO,  dll,  and  12,1 1.  HH,  =  jR  —  2(w  +e)  = 
51.44  tons  =  1.715  inches.  Draw  H^F^  and  F^F^  parallel  respec- 
tively to  12.11  and  dil.  F^F^  =  tension  on  dll  =  0.85  inch  x 
30  =  25.50  tons. 

Sth  plane  cuts  de,  f»12,  dll,  12,11.  Draw  jF,^parallel  to  de.  KD 
acting  downwards  =  0.065  inch  x  30  =  1.9  tons,  compression. 

9th  plane  cuts  de,  dll,  cU,  and  13,12.  Lay  off  KK^  =  R  --  tr 
+  e  =  68.44  tons  =  2.281  inches,  and  draw  K^F^  and  F^F^  parallel 
respectively  to  13,12  and  cl2.  F^F^  =  tension  in  cl2  =  0.85  inch 
X  30  =  25.5  tons. 
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10th  plane  cuts  cd,  dl3,  cl2,  13,12.    Draw  F^M  parallel  to  cd. 
MK=  compression  on  d\.3  =  0.6  inch  X  30  =  18  tons. 

The  nth  plane  cuts  cd,  c\2,  613,  and  14,13.    Lay  oft  MM.  =  R 

8o  44 
=      '       =  3.85  inches,  and  draw  M^F^  and  F^F^.    FJ\  =  tension 

on  ftI3  =  1.85  inches  X  30  =  55.30  tons. 

The  12th  cutting-plane  cuts  he,  cl4,  J13,  14,13.     Draw  F^N 
parallel  to  he,  MN  =  0.5  inch  x  30  =  15.0  tons;  compression  cl4. 

The  13th  plane  cuts  be,  613,  al4,  and  15,14.    Lay  off  NN,  =  R 


Fig.  a59to). 

—  2.85  inches.  Draw  M,F^  and  F^F^,  F^F^  —  tension  on  rtl4  =  0.89 
X  30  -  26.7  tons.  Finally,  cut  ab,  al4,  615,  and  15,14.  Draw  F^P 
parallel  to  ab.  iVP,  acting  downwards  =  compression  on  615  = 
1.562  inches  x  30  =  46.86  tons.  The  only  stresses  of  importance 
in  the  last  diagram  are  the  compression  in  615  and  the  tension  in 
613.  These  are  their  greatest,  and,  it  has  been  seen,  the  maximum 
stress  in  the  main  braces  occurs  at  the  head  of  the  train,  after  the 
rolling  load  passes  the  centre,  as  was  the  case  in  trusses  with  par- 
allel chords.  The  stresses,  however,  in  many  other  members 
enter  into  the  diagram,  it  is  well  to  note  the  kind  and  amount  of 
stress  in  the  verticals  near  the  centre  of  the  span,  as  they  need 
counterbracing,  and  it  is  important  to  know  the  maximum  stress  of 
each  kind  in  them,  which  can  only  be  done  by  obtaining  the  stress 
from  the  load  at  every  point;  the  stresses  being  tabulated,  the  great- 
est can  be  selected.  When  the  rolling  load  reaches  the  point  15, 
R  —  2w  =  0  at  the  same  point  8.  A  diagram  similar  in  every 
respect  to  Fig.  359  (g)  for  the  head  of  the  load  at  13  will  be  con- 
structed, but  in  this  case  the  chord  stresses  will  be  the  greatest  pos- 
sible, and  the  lines  in  it  parallel  to  the  chord  members  must  be 
scaled  and  reduced  to  tons.     These  added  to  the  dead-load  stresses 
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iu  the  Bame  chord  members  give  the  total  stress.  These  can  and 
should  be  checked  by  moments  to  avoid  possible  errors  in  direction 
and  length  of  the  lines  in  the  diagrams.  The  method  of  moments 
has  been  fully  explained  and  illustrated  by  examples.  ' 

There  can  be  no  doubt  that  the  stresses,  determined  under  the 
assum.ptions  made,  are  not  the  actual  stresses  existing  in  the  com- 
pleted structure,  but  they  are  the  greatest  that  can  possibly  exist  in 
any  member,  as  all  the  members  omitted  in  any  case  will,  when  in- 
troduced, acts  counter  to  the  others,  and  will  either  relieve  some  or 
all  of  them.  This  of  course  results  in  the  use  of  more  material  than 
actually  required  if  the  problem  was  determinate  without  the  use  of 
assumptions,  and  it  may  in  general  be  stated  that  where  ambigu- 
ities in  the  stresses  exist  there  cannot  result  economy  in  material. 

If  the  curved  upper  chord  of  the  above-discussed  truss  be  ex- 
tended to  intersection  with  the  bottom  chord,  we  have  the  type  of 
truss  known  as  the  Bow-string  girder;  the  same  general  methods 
are  used  for  determining  the  stresses,  and  similar  ambiguities  exist. 
The  bow-string  girder  is  rarely,  if  ever,  used  for  anything  but  high- 
way bridges. 

ART.   LII. 

THE  CANTILEVER. 

974.  In  trusses  already  discussed  there  are  two  points  of  sup- 
port, and  whatever  may  be  the  condition  of  loading,  the  reactions 
or  supporting  forces  or  resistances  are  determined  by  the  principle 
of  the  lever.  The  reactions  may  be  equal  or  unequal:  the  sum  of 
the  two  must  always  be  equal  to  the  total  load  on  the  truss,  and 
they  are  supposed  to  act  vertically  upward,  while  loads  act  down- 
ward. If  the  resultant  of  the  loads  be  found  and  its  point  of  ap- 
plication also,  the  reactions  will  be  inversely  proportional  to  the  two 
segments  into  which  the  beam  or  truss  is  divided  by  the  line  of 
action  of  the  resultant.  If,  then,  the  resultant  be  supposed  to  be 
separated  into  two  parts,  respectively  equal  to  the  reactions,  there 
will  be  formed  two  couples.  The  forces  of  the  couples  are  equal  to 
the  reactions,  and  their  lever-arms  are  the  segments  of  the  span. 
One  couple  will  be  right-handed  and  the  other  left-handed,  and 
their  moments  will  be  equal.  If,  then,  we  support  the  beam  or 
truss  at  the  centre,  remove  the  end  supports,  and  conceive  the  reac- 
tions to  act  downwards  and  the  resultant  upwards,  without  changing 
their  lines  of  action  or  their  magnitudes,  we  have  the  cantilever 
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proper.  Two  couples  will  still  exist;  their  directions  will  be 
changed,  however,  and  their  moments  will  still  be  equal.  The  direc* 
tion  of  the  bending  action  is  changed,  and  tends  to  make  the^ 
upper  chord  convex  and  to  be  lengthened,  and  the  lower  chord 
concave  and  to  be  shortened,  thereby  producing  tension  in  the 
upper  chord  and  compression  in  the  lower  chord.  The  web  mem- 
bers can  be  arranged  and  connected  so  as  either  to  act  as  tension 
or  compression  members.  Of  two  members  meeting  at  a  point  the 
one  must  be  a  compression  and  the  other  a  tension  member.  The 
two  arms  of  the  cantilever  may  be  equal  or  unequal  in  length,  as 
also  the  weights  of  the  two  arms,  provided  the  moments  of  the  two 
couples  remain  equal.  If,  as  in  the  case  of  railway  bridges,  one 
arm  carries  a  moving  load  and  the  other  does  not,  this  latter  must 
be  anchored  or  weighted  down  by  a  force  the  moment  of  which, 
with  respect  to  the  point  of  support  shall  be  equal  to  the  difference 
between  the  moments  of  the  loaded  and  unloaded  arm  about  the 
same  axis.  Except  for  the  members  connecting  the  two  arms  over 
the  point  of  support,  each  arm  may  be  considered  as  fixed  at  the^ 
point  of  support.  The  following  (Fig.  360)  illustrates  the  last  con- 
dition.  The  stresses  are  calculated 
as  follows:  my 

The  diagonals   in    the   above   j 
overhanging    truss     are    tension  ^a  b   c    d  i    f    q 
members,  the  verticals   compres-  ^®-  ^^• 

sion  members.  By  turning  the  truss  upside  down,  making  AL  the 
top  chord,  or  reversing  the  diagonals  so  as  to  slope  upwards  towards 
the  free  end,  the  kind  of  stress  would  be  changed.  All  of  the  web 
members  could  be  inclined,  alternating  as  tension  and  compression 
members.  The  above  design  shows  the  common  form  used  in 
what  are  called  cantilever  bridges,  and  is  also  one  arm  of  a  draw- 
bridge when  open.  It  may  have  either  a  single  or  double  system 
of  web  members.  The  latter  is  used,  but  each  system  is  supposed 
to  be  independent;  the  stresses  due  to  each  are  first  determined 
and  the  results  added  together.  Either  the  upper  or  lower  chord 
may  be  curved:  if  a  through  bridge,  the  upper  chord;  if  a  deck 
bridge,  the  lower  chord.  In  very  long  spans  it  is  now  usual  to 
build  out  from  the  two  adjacent  piers  two  projecting  trusses  to- 
wards each  other,  then  to  build  between  these  an  ordinary  truss,  its 
ends  resting  upon  the  ends  of  the  cantilever  arms,  the  greatest 
reaction  at  these  ends  being  the  end  loads  of  the  arms.  Assnming^ 
the  lengths  of  the  panel  to  be  10  feet  =  KL  =  GH  =  SR^  etc. ;. 
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•depth  of  trues  =  20  feet;  diagonals  ML  and  i75  =  22.36  feet; 
diagonals  NL,  QK,  etc.,  =  28.28  feet;  tan  KML  =  0.5;  sec  KML 
=  1.118;  tan  HNL  =  1.0;  sec  HNL  =  1.41. 

Upper-chord  panel  weight  =  t.  ^ue  to  dead  load. 
Lower-    *'  "  "      =  ^i  f 

Load  transmitted  to  or  the  reaction  at  X  =  J?. 
Rolling  loads  at  if,  H,  G,  JP,  etc.,  =  to'. 

Assuming  that  NL  receives  the  entire  load  at  i,  extreme 
length  of  span  AL  =  90  feet,  angle  KML  =  a,  HNL  =  fi,  and 
rolling  load  is  supposed  to  extend  entirely  over  AL,  The  stresses 
are  then  easily  written  for  the  vertical  and  diagonal  members.  For 
the  first  system  we  have  stress  in  iVX  =  B  sec  a,  tension;  stress  in 
J^H  =  R  -{-  20,  compression. 

Tension  in      PH  =  {R  +  w  +  w^  +  w')  X  sec  /3  =  31.02  tons, 

•Compress,  in  FF  :=  R -^210 +  w^  +  w'  =  25.00  " 

'Tension  in      RF  =  [R  +  2{w  +  w,  +  w')]  Xsec  /?  =  47.94  " 

Compress,  in  RD  =  R  +  dio  +  2w,  +  2w'  =  37.00  « 

Tension  in       Ti)  =  [i2  +  3{w  +  w,  +  w')]  X  sec  /?  =  64.86  « 

•Compress,  in  TB  ^  R -\- ^w  +  3w,  +  3w'  =  49.00  " 

'Tension  in      UB  =^  [R  +  ^{w  +  2^,  +  to')]  X  sec  «  —  64.84  " 

For  the  second  system: 

Compression  in  MK  =  w  =    3.00  tons. 

Tension  in  OK  =  {to  +  iv,  +  to')  X  sec  /?  =  16.92  " 

Compression  in  OG  =  2to  -\-  to^  -\-  to'  =  15.00  " 

Tension  in  QG  =  2{io  +  tv,  +  to')  Xsec  fi  =  33.84  " 

Compression  in  QE  =  3w  +  2to^  +  2tv'  =  27.00  " 

Tension  in  SE  =  3{to  +  w,  +  to')  xsec  >3  =  50.76  " 

Compression  in  SO  =  ^w  +  3w,  +  dw'  =  39.00  " 

Tension  in  UC  =  4(w  +tv^  +  tv')  Xsec  /?  =  67.68  " 

The  numerical  results  are  obtained  from  the  following:  R  = 
10.0  tons,  to  =  3.00  tons,  w,  =  4.0  tons,  to'  =  5.0  tons,  sec  yff  = 
1.41,  sec  a  =  1.118. 

For  the  chord  stresses,  if  ML  carries  no  load,  NM  is  simply  a 
beam  10  feet  long  carrying  only  its  own  weight.  Recollecting  that 
the  stresses  in  the  chord  panels  are  the  sums  of  the  horizontal 
components  of  the  stresses  in  the  diagonals  from  the  free  end  np 
to  and  including  the  diagonal  in  the  panel  under  consideration, 
and  that  the  components  are  the  shears  in  the  diagonals  multiplied 
by  the  tangent  of  the  angle  of  inclination,  the  shears  being  the  sum 
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of  the  loads  from  the  free  end  np  to  and  including  the  point  at  the 
foot  of  the  diagonal  if  in  tension,  and  to  the  foot  of  the  vertical 
passing  through  its  upper  extremity  if  in  compression,  we  write 
the  following  general  expressions,  and  also  the  numerical  results 
with  the  data  above  given,  and  with  tan  y^  =  1  and  tan  a  =  0.5. 
As  in  the  panels  included  between  any  two  adjacent  diagonals,  the 
stress  in  the  upper  and  lower  chords  is  equal. 

Tensioii    Oompres- 
in  sioD  in 


Oy  =  KL  =  R  X  tan  /3  =    10.0  tons. 

PO  =  HK  =  {R+  w  +  f^,  +  w')  tan  fi  =    22.0 

QP  =  GH  =  2(i2  +  w  +  t^,  +  w')  tan  fi  =    44.0 


RQ  =  FG  =^ 
SR  ^  EF  = 
TS  =  DB  = 
UT=:  CD  = 


2R  +  4{w  +  w^  +  w') 
372  4  Q(w  +  w,  +  w') 


X  tan  /?  =    68.0 
X  tan  /?  =  102.0 


3/2  +  ^w  +  w,  +  w')]  X  tan  /?  =  138.0 

X  tan  /?  =  184.0 


it 
u 

€i 

tt 
ii 


4/2  +  12(t^  +  w,  +  w') 
BC  =  [4/2  +  16(w  +  w,  +  w')]  X  tan  /?  =  232.0 

Compression  in  AB  =  [^R  +  16(w  +  w,  +  w')]  X  tan  ft 

+  [/2  +  4(w  +  w,  +  w')^  X  tan  a  =  261  tons. 

976.  The  above  results  can  be  checked  by  moments,  which  will 
be  applied  to  the  bottom  chord  which  contains  the  largest  number 
of  panels;  and  as  the  two  systems  are  considered  separately,  and  the 
axis  of  moments  for  any  section  must  be  the  point  of  intersection 
of  the  diagonals  and  the  upper  chord,  the  axis  of  moments  will  be 
different  for  the  two  systems.  Taking  a  vertical  plane  cutting  PO, 
PH,  QG,  and  FG,  the  axis  of  moments  for  the  first  system,  marked 
1,  in  Fig.  360  will  be  at  P,  and  for  the  second  system,  marked  2,  will 
be  at  Q;  and  similarly  for  any  other  position  of  the  cutting-plane. 

Compression  in  FG  =  [R  X  ^0 -{- {w  +  w,  +  w')  X  20 

+  2{w  +  w,  +  w')]  X  30  -=-  20  =  68.0  tons. 

Section  through  RQ  and  DE,  axis  of  moments  R  and  S: 
Compression  in  Z>^=  (10x60+24  X  30+36x40) -4- 20= 138.0  tons. 

Section  through  SR  and  DC,  axis  of  moments  Tand  S: 
Compression  in  DC=  (10x80+ 36x40+ 36x40) -4- 20 =184.0  tons. 

Section  through  BC  and  TS,  axis  of  moments  T&nd  U: 
Compression  in  BC  =  (10x80+ 36x40 +36x50) -4- 20 =232.0  tons. 

Section  through  U7'  and  AB,  axis  of  moments  at  U: 
Compression  in  AB  =  (10  X  90+48  X  40+48  X  50) -^ 20=261.0  tons. 
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These  results  agree  exactly  with  the  stresses  obtained  by  the 
general  formulae  above,  which  proves  their  accuracy  and  -also  the 
accuracy  for  the  general  values  of  the  stresses  in  diagonals  and 
verticals,  as  the  expressions  for  the  chord  stresses  are  obtained  from 
and  are  dependent  upon  them.  The  stresses  in  the  diagonals  and 
verticals  could  also  be  checked  by  moments,  as  no  error  could  exist 
except  in  the  numerical  results;  with  the  checks  above  given  it  i* 
not  necessary.  If  a  section  be  taken  parallel  to  the  diagonals,  cut- 
ting only  vertical  and  horizontal  members,  such  as  SR,  RD,  QE, 
and  EF,  the  only  horizontal  forces  are  the  stresses  in  SR  and  EF, 
The  conditions  of  equilibrium  require  that  they  should  be  equal 
and  in  opposite  directions.  This  proves  what  was  before  assumed. 
With  curved  chords  it  would  be  necessary  to  use  methods  similar 
to  those  explained  in  the  preceding  example.  Otherwise  no  diffi- 
culties  exist.  Even  when  this  tniss  is  used  for  a  deck  bridge,  only 
the  end  diagonal  is  made  a  compression  member,  as  shown  by  the 
dotted  lines  in  Fig.  360;  the  other  diagonals  would  remain  as  ten- 
sion members. 

CANTILEVER  BRIDGES. 

976.  Cantilever  bridges  consist,  then,  of  two  overhanging  trusses, 
of  a  greater  or  less  length  determined  by  theoretical  and  practical 
considerations,  and  a  smaller  span  resting  upon  or  suspended  be- 
tween their  free  ends.  The  loads  thus  transmitted  are  the  values 
of  the  R  used  in  the  last  formulae.  The  projecting  arms  of  the 
cantilever  are  balanced  by  similar  arms  extending  m  the  opposite 
direction,  which  are  connected  with  parts  of  another  span,  or 
anchored  to  piers  or  abutments  in  order  to  counterbalance  the 
rolling  load.  For  spans  over  550  or  more  feet  in  length  this  type 
of  bridge  is  probably  usual,  and  some  engineers  use  it  even  with 
very  much  shorter  spans.  Through-bridges  require  temporary 
supports^  which  consist  of  a  frame  in  the  form  of  trestlework  for 
the  ironwork  of  the  bridge  before  its  parts  are  fully  connected 
so  as  to  be  self-supporting.  This  temporary  frame  is  called  the 
"  false- work,^'  and  is  removed  after  the  span  is  connected  and 
swung,  as  it  is  termed.  It  constitutes  a  considerable  item  in  the 
cost  of  erecting  bridges,  and  consequently  is  avoided  as  muc^h  a^ 
possible  in  crossing  deep  rivers  or  ravines,  from  the  difficulty  of 
securing  safe  foundations,  and  the  cost  resulting  from  this  or  tlie 
great  heights  required.  It  sometimes  happens  that  it  is  im- 
practicable to  get  intermediate  supports,  or  the  requirements  of 
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navigation  prohibit  their  use.  In  any  of  the  above  cases  cantilever 
bridges  may,  or  are  required  to,  be  used,  as  they  can  be  erected 
without  false-work,  the  overhanging  trusses  being  self-supporting, 
as  they  are  constructed  orer  the  pier  and  extend'  in  opposite 
directions.  These  arms  also  serve  to  support  the  weights  of  the 
suspended  trusses  until  they  can  be  connected  at  the  centre  of  the 
spans. 

Cantilever  and  swing  bridges  will  be  briefly  discussed  in  the 
following  paragraphs.  A  few  special  problems  will  be  given  in  the 
following  application  of  the  equations  of  equilibrium. 

HINGED   OR  FREE-ENDED  STRUCTURES — APPLICATION  OF    THE 

EQUATIONS   OF   EQUILIBRIUM. 

977.  The  conditions  of  equilibrium  or  balance  of  structures 
and  the  equations  expressing  these  conditions  were  fully  dis- 
cussed in  Arts.  XLIX  and  L.  In  applying  these  to  structures  we 
can  consider  (1)  the  structure  as  a  whole  balanced  under  the 
externally  applied  forces,  or  loads  and  reactions;  (2)  the  equilibrium 
of  the  system  of  forces  and  stresses  applied  at  each  joint;  (3)  any 
portion  of  the  structure  separated  from  the  other  part  or  parts  and 
balanced  under  the  externally  applied  forces,  and  the  stresses  in  the 
members  cut  or  severed  by  the  ideal  plane  or  planes  of  division,  the 
stresses  in  the  members  being  replace  d  by  equal  external  forces. 

Since  we  can  always  obtain  three  equations  of  equilibrium,  the 
external  forces  can  always  be  found  when  not  more  than  three  are 
unknown.     These  equations  are : 

Algebraic  sum  of  horizontal  component,      2H  =  0;  ) 

''    *'  vertical  "  ^^F=0;V  .     (555) 

"    "  all  moments,  2M  =  0.  j 


« 


If,  then,  we  take  a  bridge  truss,  as  a  whole,  acted  upon  by  ver- 
tical forces  or  loads,  in  which  case  the  truss  is  simply  equivalent  to 
a  beam  loaded  normally  to  its  length  or  longitudinal  axis,  the  . 
equation  for  bending  moments,  eqs.  (508),  (509),  for  a  beam  sup-  ' 
ported  at  both  ends  and  uniformly  loaded,  is  that  of  a  segment  of 
a  parabola,  the  double  ordinate  of  which  is  the  length  of  the  beam, 
and  its  vertex  vertical  below  the  centre  of  the  beam,  the  vertical 
ordinate  of  the  curve  at  any  point  representing  the  bending 
moment  at  the  corresponding  point  in  the  beam.     This  is  repre- 
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sented  by  the  diagram  Fig.  361  (a).  In  a  trnssed  beam,  or  simply 
a  truss,  the  vertical  loads  are  assumed  to  be  concentrated  at  the 
panel  points.  The  equilibrium  polygon  will  no  longer  be  the  line 
cd  and  the  parabola  ced,  but  the  latter  will  be  changed  into  a  series 
of  straight  lines  connecting  the  extremities  of  the  vertical  ordinates, 
the  angles  of  this  polygon  being  on  the  parabola  as  shown  in 
Fig.  361  (a),  the  load  being  symmetrically  distributed  with  respect 
to  the  centre.  In  this  case  it  is  evident  that  equations  (555)  are 
stitisfied.  As  all  loads  are  vertical  by  the  principle  of  the  lever,  the 
reactions  are  not  only  vertical,  but  equal  to  each  other,  and  together 
equal  to  the  total  load ;  hence  ^  F  =  0.  Whether  the  truss  rests 
on  rollers  at  one  end  or  not,  the  horizontal  thrusts  on  the  supports 
will  be  zero  at  both  A  and  B,  and  2H  =  0.  If  moments  be  taken 
about  the  point  B,  the  moment  of  B''  is  zero,  the  moment  of  R' 


Fig.  861. 

is  B%  and  the  sum  of  the  moments  of  the  loads  on  truss  will  be 
equal  to  the  moment  of  the  resultant  load,  2w,  which,  acting  at  the 
centre  point  C7,  will  be  -2m;  X  il,  and  2M  =  B'l  -  2w  X  il  =  0, 
since 

B'  =  i2w  =  72" (556) 

If  the  load  is  not  symmetrically  situated  with  respect  to  the 
•  centre  of  the  truss,  2R  =  zero  for  the  same  reason  as  before, 
and  2V=:  B'  +  B'^  —  2w  =  0  from  the  principle  of  the  lever, 
and  the  values  of  B'  and  B"  are  found  from  the  same  principle, 
but  will  be  unequal;  or  assuming  that  2w  acts  at  the  point  D  dis- 
tant X  from  A,  and  taking  moments  with  respect  to  J,  that  of  B' 
=  0  as  before,  and  2M  =  B"l  —  2wx  =  0,  since  by  the  principle 

of  the  lever  B''  =  2wj.  Then  B'  =  2w  —  B'\  or,  taking  moments 

about  the  point  B,  2^f  -  Bn-Swil-x)  =  0,  since  B'  =  2w^-p^. 

978.  As  an  illustration  of  the  action  of  oblique  forces  on  a 
frame  or  truss,  take  the  roof- truss.  Fig.  361(&).  The  above  principles 
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and  equations  are  applied  in  exactly  the  same  manner  so  far  as  the 
weight  of  the  truss  itself  and  any  vertical  forces  or  loads  are  con- 
cerned, but  to  make  the  solution  general  w.e  will  combine  these 
loads  with  the  action  of  the  wind,  the  direction  of  which  is  taken 
as  normal  to  the  roof,  calling  P  the  normal  wind  pressure,  and 
^w  the  weight  of  the  roof  and  its  load  acting  through  the  centre 
or  apex  (7,  and  calling  forces  acting  upwards  and  to  the  right,  and 
moments  tending  to  produce  rotation  in  the  direction  of  the  motion 
of  the  hands  of  a  watch,  positive,  and  when  tending  in  the  opposite 
directions  negative. 

If  the  end  A  of  the  truss  rests  on  rollers  moving  without  friction, 
the  reaction  R'  at  that  end  must  be  vertical,  as  there  can  be  no 
horizontal  thrust  under  that  condition.  At  the  end  B  or  fixed  end 
of  the  truss,  however,  the  reaction  R"  at  that  end  will  make  some 
angle  0  with  the  vertical.  Its  horizontal  component  will  be  R" 
flin  Oy  and  its  vertical  component  will  be  R"  cos  6.  Decomposing 
the  wind  pressure  into  vertical  and  horizontal  components,  respec- 
tively equal  P  cos  a  and  P  sin  a,  then 


^H=  P  sin  a  -  R"  sin  (^  =  0,  and 
2r=  i2'  +  iZ"  cos  6^  -  P  cos  a  -  -2w  =  0; 
and  taking  moments  about  P, 

2M=R'l  -  2w  X  i?-  Py  =  0. 


. (557) 


From  2M,  R'  =  i^^^Lt^.  from  2H,  P"  sin  ^  =  P  sin  a. 
Substituting  value  of  R'  in  2  V,  R"  cos  6  =  P  cos  a  +  2w  — 

^l=t.ne^oota+.^-i-^^l+J^.      (558) 
R"  COB  6^  '    P  sm  a         IP  Bin  a         ^      ' 

From  eq.  (558)  the  angle  6  can  be  found,  which  fixes  the  direc* 
tion  of  R",  and  substituted  in  2H  determines  P".  We  therefore 
have  P'  and  P"  in  magnitude,  direction,  and  points  of  application. 

If  a  structure  is  composed  of  two  or  more  trusses  connected  by 
hinges  or  pins  about  which  .they  are  free  to  turn,  each  portion 
between  any  two  neighboring  pins  can  be  considered,  so  far  as 
^uilibrium  is  concerned,  as  an  independent  truss  acted  upon  by 


1156  STRUCTURES  WITH   HINGED  JOINTS. 


its  own  weight,  and  by  any  loads  resting  upon  it  or  transferred  to  it 
from  the  adjacent  trusses.  To  each  part  thus  considered  the  above 
principles  and  equations  can  be  applied,  that  is,  the  three  equations 
(555)  of  equilibrium.    Taking  the  curved  truss  or  arch.  Fig.  362, 

hinged  at  A,  By  and  C:  there  are 
two  separate  framed  structures, 
AC  and  BC.  At  the  point  C  we 
have  a  simple  case  of  action  and 
reaction,  that  is,  equal,  parallel, 
and  directly  opposed  forces;  and 
Ih^^^  this  is  true  whether  the  externally 

T,      o^„  -^    applied  loads  on  the  two  portions 

Fig.  862.  i  i      mL 

are  equal  or  unequal.  The  gen- 
eral arrangement  of  the  forces  or  their  vertical  and  horizontal 
components  at  the  points  A,  B,  and  C  is  shown  by  the  arrows, 
the  double-headed  arrows  at  C  indicating  the  equal  and  opposite 
action  of  the  forces  upon  the  two  halves. 

It  is  only  necessary,  however,  to  consider  one  half  the  whole 
structure,  though  where  the  external  loads  or  forces  are  uneqnal 
on  the  two  parts  or  not  symmetrically  distributed,  both  sides 
should  be  considered.  In  writing  the  equations  of  equilibrium  we 
may  not  always  be  able  to  give  the  proper  sign  to  some  of  the  terms; 
and  if  we  do  not,  the  sign  of  the  numerical  result  should  indicate 
this. 

Taking  AC,  the  left-hand  half  of  the  truss,  we  write  at  once 
the  three  equations  of  equilibrium.  There  are  only  two  horizontal 
and  three  vertical  forces  or  components.    Hence 

2H=H'  -ff=0;     2v  =  Ii'  -v'  -W=zO.     .    (559) 

Moments  about  C, 

2M=^R'Xil-  Wz-H'h^O;    .    .    .    (560) 

and  for  BC,  the  right-hand  half  of  the  truss,  and  noting  that  the 
directions  of  the  components  at  C  must  be  reversed,  then 

2H=zH-ir'=zO;    2v  =  R"  +  v''-'W=0;  .    (561) 

and  taking  moments  again  about  C,  thereby  reversing  the  signs  of 
the  lever-arms  or  moments  of  W  and  R"  and  jff", 

2if  =  --  i2"  X  */  +  W'x'  +  H^'h  =  0.      .    .     (562) 
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Or,  if  we  choose,  we  can  find  the  rertical  components  by  consider- 
ing the  structure  as  a  whole : 

2v  =^  B'  +  R''  -  W  -  W  -0 (563) 

2ir about  .^  or  £  is  zero;  hence 

^M^^^Wxi-  il+x)-W'X{-il  -  x')  +  R''X{-1)^0;   (564) 

from  which  R^'  can  be  found,  and  substituted  in  eq.  (563)  gives 
R',    Or  we  may  find  R'  from  the  2M  about  B: 

2M=  R'xl-  W(il  +  x)  -  W{\1  -  ic')  =  0. .    .     (565) 

Let  /  =  60  feet,  a;  =  7.5  feet,  x'  =  15  feet,  A  =  30  feet,  Tr  = 
3000  pounds,  W  =  2000  pounds.  Then  from  eqs.  (560)  and  (562) 
we  have,  since  IT  =  H",  R'  xil-  JTx  =  i2"  Xil-  Wx'\  and 
from  eqs.  (559)  and  (561),  since  v'  =  v\  -^  R'  -  W^—R"  +  W\ 
and  finding  R'  by  combining  these  two  equatic^ns  we  find  R'  = 
2375  pounds,  after  substituting  values  of  W^  W\  Xy  ^^  and  /;  then 
substituting  R'  in  eq.  (559),  v'  =  i?'  -  fr=  -  625.  The  negative 
sign  merely  indicates  that  the  wrong  direction  was  given  to  v'  in 
eq.  (559),  that  is,  v'  should  have  been  assumed  as  acting  upwards, 
and  the  equation  should  have  been  written  'Zv  =  i?'  +  v'  —  ff^=  0, 
and  eq  (561)  2v  =  R"  -  v'  -  Tf'  =  0;  .-.  i?"  =  PT  +  t;'  =  2625 
pounds.  As  a  check,  taking  the  structure  as  a  whole,  and  substi- 
tuting in  eq.  (565),  we  obtain  R'  directly :  /?'  X  60  -  3000  X  37.5 
-  2000  X  15  =  0;  .-.  R'  =  2375  as  before,  and  from  eq.  (563)  R'' 
=  2625,  which  substituted  satisfies  eq.  (564),  or  i?"  could  have 
been  found  from   this  equation.     Then  from    eq.   (562)   if"  = 

R^Xil-W'x'        48750        ,^^^  ,  rn        zr  zj, 
J- =     g       =  1625   pounds  =  IT  =  H,  or  H'  = 

1625  pounds  direct  from  eq.  (560),  which  checks  the  accuracy  of  all 
the  foregoing  calculations. 

979.  In  Fig.  364  is  shown  a  structure  composed  of  three  trusses, 
AQB,  BEFO,  and  CKD,  hinged  at  the  points  A,  G,  B,  C,  K,  D. 

A 


Fio.  863. 
These  frames  or  trusses  can  then  be  considered  as  independent 
trusses  except  in  so  far  as  any  load  or  loads  resting  on  the  middle 
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truss  are  transferred  to  the  other  trusses  at  the  points  B  and  C,  as 
determined  by  the  principle  of  the  lever.  If,  then,  2v)  is  the  load 
on  this  truss,  and  it  acts  at  a  point  distant  x  from  B,  we  have 

R'  =  ^!£(L:if)     and    R"  =  ^..    .    .     (565i) 

Then  a  portion  of  the  load  Sw  =  R'  is  to  be  taken  as  acting 
vertically  downward  on  the  truss  A  OB  at  its  end  jB,  and  as  this 
truss  must  now  be  balanced  under  all  of  the  external  forces  acting 
on  it, 

i?,  +  ie,  -  2«(^' -  i2' =  0; 

and  taking  moments  about  B,  ^  (566) 

2M  =  R,V  +R,X  iV-  2w'{il'  -  ir)  -  72,  X  0  =  0.  . 

Since  R'  has  been  found,  we  have  two  equations  and  two  un- 
known quantities,  namely,  R^  and  R^ ,  the  reactions  at  G  and  A, 
respectively.    Combining  these  equations,  we  find 

22w'x  +  RT         ,     ^       2RT+2wr  +  22to'x   ,^^„. 
R,= j^ ,    and    R,  = -^ — jr-— •  (567) 

Or,  taking  moments  about  A, 

2M=z  -  i2'x(-  O  -  Sw'i-  {iV+  X)  +  R,X{-  iV)  =  0; 

hence 

^       2RT  +  2wT  +  22w'x 
R,  = j> , 

as  above. 

The  negative  sign  in  the  value  of  R^  merely  indicates  that  the 
reaction  at  A  is  negative,  or  acts  downward. 

An  exactly  similar  set  of  equations  can  be  written  out  for  the 
'truss  OHD.  It  is  to  be  noted  that  2w'  simply  means  the  sum  of 
the  loads  acting  directly  on  the  truss  under  consideration,  and  does 
not  include  the  load  transferred  from  any  other  truss,  as  given  by 
the  values  of  R'  and  J?"  in  equation  (565^)  above,  i?'  being  taken 
as  an  independent  load  acting  at  the  end  B  and  2w'  as  the  result- 
ant of  the  loads  on  the  truss  acting  through  their  common  centre 
of  gravity,  i?,  and  its  moment  RJ'  were  purposely  taken  with 
the  wrong  sign,  in  order  to  call  attention  to  the  significance  of  the 
signs  in  determining  the  direction  of  action  of  the  forces.    It  is. 
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however^  immaterial  whether  a  negative  sign  shall  indicate  an  up- 
ward or  a  downward  force;  but  in  all  cases  in  this  volume  it  indi- 
cates a  downward  action^  and  the  positive  sign  an  upward  one. 

Assuming  that  each  of  the  panel  points  of  the  central  truss  is 
loaded  with  4000  pounds,  then  the  reactions  R'  =  R''  =  10,000 
pounds;  also  that  the  truss  AOB  is  loaded  at  each  of  five  panel 
points  with  a  load  w  =  10,000,  so  that  iSw'  =  50,000  pounds,  and 
the  resultant  acts  10  feet  to  the  right  of  the  point  (r,  and  the  span 
AB  =  Z'  =r  80  feet.  Substituting  these  values  in  equation  (567), 
we  find  the  reactions  i?,= 82,500  pounds,  and  positive;  iiJ,= 22,500, 
and  negative.  These  values,  together  with  that  of  R',  substituted 
in  equations  (566),  satisfy  them : 

5,  +  i?.  -  2w'  -  iJ'  =  -  23,500  +  82,500  -  50,000  -  10,000  =  0. 

From  the  above  example  we  see  that  the  end  A  of  the  span  must 
be  weighted  with  22,500  pounds,  or  it  must  be  anchored  down  to 
the  abutment,  in  order  to  maintain  the  structure  in  equilibrium.  In 
general  the  direction  of  the  reactions  can  be  determined  by  inspec- 
tion; but  it  is  better  to  write  out  fully  the  equations  of  equilibrium 
and  determine  the  values  and  directions  of  action  of  the  unknown 
forces  from  them. 

CANTILEVER  BRIDGES. 

980.  A  typical  cantilever  bridge- truss  is  shown  in  Fig.  364.  It , 
may  be  conceived  to  be  composed  of  three  interdependent  parts, 
namely,  (1)  the  anchorage  arm  AB^  (2)  the  cantilever  arm  BC,  (3)  the  ' 
suspended  span  CD]  on  the  right  of  D  are  corresponding  cantilever 
and  anchorage  arms,  similar  to  BG  and  AB,  respectively.  In  the 
design  selected  it  is  only  necessary  to  consider  the  three  parts  men- 
tioned, as  the  structure  will  be  discussed  from  D  to  the  left  up  to  A, 
Similar  or  identical  conditions  exist  if  the  parts  from  0  to  the  right 
are  considered. 

The  suspended  span  CKLD  is  under  precisely  similar  condition 
as  any  non-continuous,  through,  or  deck  span,  supported  at  C  and 
D,  or  rather  at  JTand  i,  by  the  suspending  rods  or  bars  CK  and 
DL,  respectively.  In  Fig.  364  it  is  simply  a  deck  Pratt  truss.  Its 
top  chord  is  in  compression  under  all  circumstances,  and  maxi- 
mum stresses  exist  when  fully  loaded.  The  same  remark  applies 
to  the  bottom  chord,  except  that  it  is  under  tension.  The  maxi- 
mum web  stresses  occur  when  the  head  of  the  moving  load  reaches 
the  upper  extremity  of  the  vertical,  passing  through  the  lower  ex- 
tremity of  the  diagonal  in  question,  and  the  upper  extremity  of  the 
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vertical  in  question  the  load  covering  the  longer  segment,  and 
maximum  stresses  in  end  posts  or  diagonals  occur  when  the  entire 
truss  KL  is  loaded.  These  stresses  are  determined  as  already  fully 
explained  in  other  paragraphs.  The  cantilever  arm  BChas  its  max- 
imum chord  and  weh  stresses  when  the  greatest  possible  reaction  is 
at  C,  arising  from  loads  on  the  suspended  span  CD,  that  is,  when 
CD  is  fully  loaded  with  the  live  load;  and  at  the  same  time  the  live 
load  extends  from  C  on  the  cantilever  arm  up  to  the  upper  extrem- 
ity of  compression  diagonals,  or  to  the  verticals  passing  through 
their  lower  extremities  for  tension  diagonals,  and  to  the  upper  ex- 
tremities of  verticals  for  maximum  compression  in  them. 

The  anchorage  arm  AB  has  to  be  considered  from  two  con- 
ditions of  loading:  (1)  When  there  is  no  downward  reaction  at  J, 
in  which  case  loads  upon  BC  or  CD  cause  no  stress  in  any  of  its 
members,  only  serving  to  fix  the  end  of  the  truss  along  the  line  BG. 
It  is  then  in  the  condition  of  any  cantilever  or  projecting  truss,  and 
stresses  in  all  members  will  be  greatest  when  loaded,  as  fully  ex- 
plained in  paragraph  974  and  in  Fig.  360,  and  will  be  found  as 
there  shown.  (2)  When  the  downward  reaction  is  the  greatest 
possible  at  A,  this  downward  reaction  is  due  entirely  to  loads  on  the 
portions  BC  and  CD,  and  will  be  a  maximum  when  there  is  no  live 
load  on  ^5,  as  any  live  load  onAB  tends  to  cause  an  upward  reaction 
at  A,  the  effect  of  which  is  to  reduce  the  downward  reaction  dne  to 
loads  on  other  portions  of  the  structure.  In  this  connection  it  is 
to  be  noted  that  this  downward  reaction  causes  or  tends  to  cause 
tension  in  the  upper  chord  AB  and  compression  in  the  lower  chord 
AF .  .  .  D^  . ,  .  O,  whereas  the  weight  of  the  truss  AB  and  any 
load  upon  it  causes  or  tends  to  cause  compression  in  the  upper 
chord  and  tension  in  the  lower  chord,  provided  they  are  of  sufficient 
magnitude  to  bring  the  truss  to  a  bearing  at  A  on  its  abutment.  In 
this  latter  case  the  span  AB  becomes  a  simple  truss  supported  at  both 
ends,  and  the  maximum  stresses  will  be  found  as  has  been  fully  ex- 
plained. Therefore  stresses  under  both  suppositions  must  be  deter- 
mined. Where  th^y  are  of  the  same  kind  in  any  member,  the  turn 
of  the  two  must  be  taken  as  an  ultimate  maximum;  where  they  are 
of  opposite  kind,  the  member  must  be  proportioned  to  bear  either. 

The  greatest  shears  will  evidently  be  affected  by  the  magnitude 
of  the  reaction  E,  If,  as  in  Fig.  364,  a  downward  shear,  which  pro- 
duces compression  in  AF^  and  ITG,  and  tension  in  F^B*,  Bjy, 
D^E\  and  E^K',  is  called  a  main  shear,  any  condition  of  loading 
which  increases  the  downward  reaction  will  increase  the  main  shears, 
and  consiequently  the  stresses  in  the  members  mentioned;  themaxi- 
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mum  downward  reaction  is  the  maximum  bending  moment  at  B 
(which  occurs  when  there  is  no  moving  load  on  AB,  and  jBC'and  CD 
are  fully  loaded)  divided  by  a,  the  length  of  span  AB.  The  maxi- 
mum main  shear  in  any  panel  due  to  the  load  on  AB  is  found  when 
the  live  load  centres  at  A  and  moves  towards  B,  it  being  considered 
a  non-continuous  truss.  To  find^  then,  maximum  main  shears  loads 
should  be  placed  on  BC  and  CD  in  positions  which  give  maximum 
downward  reaction  R,  and  maintained  at  this  while  the  moving  load 
enters  at  A  and  advances  to  B.  AB  is  treated  as  a  non-continuous 
span.  The  maximum  moving-load  stresses  thus  found  combined  with 
the  fixed-load  stresses  will  give  the  resultant  maximum  web  stresses. 

It  may  happen,  owing  to  the  length  of  the  anchorage  arm,  that 
the  maximum  downward  pull  R  will  be  less  than  the  upper  reac- 
tion at  A  due  to  the  live  load  and  dead  load,  respectively.  In  such 
a  case  it  will  not  be  necessary  to  anchor  the  end  of  the  span  AB  to 
the  abutment  at  A,  as  the  reaction  will  always  be  upward. 

The  stress  in  counters,  such  as  B'D^  if  in  tension,  or  B'F^  in  com- 
pression, or  AF^  in  tension,  will  be  found  by  assuming  the  moving 
load  to  advance  from  the  pier  at  B  to  the  extremity  A  of  the  anchor- 
age arm,  the  span  AB  being  a  simple  non-continuous  truss,  and  no 
moving  load  on  the  cantilever  arm  or  suspended  span.  Whether  the 
posts  or  vertical  members  will  receive  their  greatest  stresses  as  main 
or  web  members  can  only  be  determined  by  trial.  Those  nearest  the 
-extremity  of  the  anchorage  arm  will  probably  receive  their  greatest 
stress  as  counters,  those  nearest  the  main  pier  as  main  web  members. 

The  foregoing  gives  a  general  explanation  of  methods  of  deter- 
mining the  stresses  when  the  loads  are  distributed  to  give  them 
maximum  values.  The  following  mathematical  solution  furnishes 
general  formulae  applicable  to  all  types  of  cantilever  trusses,  while 
establishing  the  truth  of  the  statements  made  above: 

Let  a  =  length  of  anchorage  arm  AB; 

c  =  length  of  cantilever  arm  BG; 

I  =  length  of  suspended  span  CD] 
a?,  =  distance  from  D  to  centre  of  gravity  of  loads  on  Z; 

X  =  distance  of  centre  of  gravity  of  loads  on  cantilever  arm  BG 

from  D'y 
x^  =  distance  of  centre  of  gravity  of  loads  to  left  of  U  from  U; 
X,  =  distance  of  centre  of  gravity  of  loads  to  right  of  U  from  U; 

d  =  distance  between  U  and  G\ 

p  =  panel  length  VU. 

The  values  of  a:,,  a*,  rr^,  and  a;,  are  found  by  the  application  of 
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the  principle  for  centre  of  parallel  forces  (paragraph  204),  S'w^  is 
the  summation  w^  +  ^^«  +  ^i  +  ^tc.^  that  is^  all  of  the  loads  on  the 
span  BC.    2w^  is  the  sum  of  the  loads  on  CD. 

The  reaction  iZ  at  ^  is  determined  by  a  simple  application  of 
the  principle  of  moments.    That  portion  of  2w^  which  is  trans- 

mitted  to  C  is,  by  the  principle  of  the  lever,  =  jB,  =  2w^-j. 

T.aking  moments  about  B,  that  of  i2,  is  zero  and  the  acting 
forces  are  R^,  and  the  load  2w^  on  BO,  whose  lever-arm,  with  re- 
spect to  an  axis  at  -B,  is  =  ?  +  c  —  a?.  The  lever-arm  of  B^  is  c,  and 
that  of  72  is  a;  hence 


RXa  =  Ii^Xc  +  2w,{l  +  c—  x); 
R^  =  2w^  A 


"  (568) 


These  are  the  reactions  for  the  given  conditions  of  loading,  as 
seen  in  Fig.  364.  We  will  first  find  the  stress  in  the  inclined  web 
member  UH  of  the  cantilever  arm  due  to  this  loading.  Pass  an 
ideal  section  88',  cutting  the  chords  C/Tand  U'Hand  the  diago- 
nal UH.  Considering  only  that  portion  of  the  truss  to  the  left  of 
the  section  and  the  loads  and  reactions  corresponding,  these  will  be 
the  reaction  R  at  A,  the  reaction  jB,  at  B,  the  loads  w^^w^,  and  w,; 
and,  as  usual,  the  loads  in  the  panel  cut  are  considered  as  concen- 
trated at  the  adjacent  panel  points.  By  the  principle  of  the  lever, 
that  portion  of  the  loads  w^fW^,  and  w^  supported  at  ^will  be 

«'«  +  «'•  +  «^«  -  («'4  +  «^»  +  w'e)!*  =  {^A  +  ^^  +  tt'JU  -  |j- 

In  order  to  eliminate  the  moments  of  two  of  the  unknown 
stresses,  namely,  that  in  ZJTand  U'H,  prolong  the  chords  to  inter- 
section at  /in  Fig.  364  (a),  and  take  moments  with  respect  to  an 
axis  at  /.  The  only  stress  whose  moment  is  not  zero  is  that  in  the 
inclined  member  UB.  Prolong  Ullnntil  a  normal  y  can  be  drawn 
to  it  from  the  axis  at  /.     Then  acting  moments  are  as  follows 

Tension  in  UH  X  y  =  -B,(c  +  a;,)  —  E{a  +  c  +  a;,) 
-  K  +  w,+  w,){<^,+  d  +  x,)-  [(«;,  +  w.  +  w.)(l  -  |)]rf  +  X,). 
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1164  WEB   AND  CHORD  8TBB88BS  IN  CANTILEVER  ARM. 

The  load  w,  to  the  right  of  TH  is  not  considered  when  the  cut- 
ting-plane is  between  U  and  T. 

Substituting  values  of  Ry  i?,,  and  if,  from  equations  (568),  can- 
celling similar  terms  with  opposite  signs,  collecting  and  combining 
those  terms  having  the  same  coefficients,  we  can  write: 

Tension  mUH:=8=:^  [^:Sw,+  {x^l-{-  x,)2w^  ' 

-  (w,  +  w.  +  «;,+  «^4  +  «^6  +  ^'eX*  +  ^o) 


K    (568(1) 


-  {v),  +  w,  +  w.)2;,  +  {w,  +  w,  +  to,){d  +  x;y^. 

P 


In  order  that  S  may  be  a  maximum  or  minimum,  ^S  must  be 
zero  when  Xy  x^,x^,  and  x,  each  vary  by  the  same  amount,  all  loads 
being  moved  forward  by  the  small  distance  ^x.  The  variation  of 
x^  will  have  an  opposite  sign  to  that  of  x,  x^,  and  x^. 

S'  =  8  +  -\  -^2w,+  Jx:Sw, -  {w,  +  w,+ w,+  w,+  w,+  ft'JO 

^x 
-  (w,  +  «>,  +  w.)  Ja;  -  (w,  +  w^  +  w^{d  +  a;,)—-. 

This  equation  assumes  the  following  form,  when  8'  —  S  = 
J8  =  0: 

«^,  +  ^'j  +  w,  +  (w,  +  ^5  +  w.)  — r--  =  T-^X  +  -Stt^i- 
Since  2w^  =  Wj  +  w,  +  «o,  +  w^  +  w»  +  w,,  there  results 

{w,  +  w,  +  w,f^'-  =  ^:S«;,  +  v),  +  w,+  w,.     (56») 

If  there  should  be  several  maxima  indicated  by  this  last  equa- 
tion, the  greatest  must  be  determined  by  trial;  that  is,  several  con- 
ditions of  loading  may  satisfy  the  conditional  equation  (568^). 
We  see  also  from  this  equation  that  the  loads  to  the  left  of  the 
panel  under  consideration,  namely,  w,,  w^,  and  «?,,  do  not  enter 
into  the  conditions  for  a  maximum,  as  explained  in  the  general 
discussion.  As  the  equation  (568ft)  of  condition  involves  the  dis- 
tance d  between  c  and  ZJwith  a  uniformly  distributed  load,  it  must 
extend  from  0  to  U, 

Having  fixed  the  proper  position  of  loads  by  equation  (568J), 
the  corresponding  values  of  a;,  «,,«,,  and  x^  can  be  determined  by 
the  principle  for  finding  the  centre  of  parallel  forces:  and  proper 
substitutions  made  in  equation  (568a)  will  give  the  maximum  value 
of  shear  8. 
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GREATEST  CHOED   STKES&ES   IN  THE   CANTILEVER  ARM. 

To  find  the  greatest  chord  stresses  in  the  panel  UTHU' :  For 
tension  in  the  upper-chord  panel  UT  the  centre  of  moments  will 
be  at  H,  the  intersection  of  fZ/Tand  U'H,  and  the  lever-arm  of  the 
tension  in  ZJTis  TH'=.  n.  For  the  compression  in  U'HtYie  centre 
of  moments  will  be  at  U,  and  the  lever-arm  will  be  normal  from  U 
let  fall  on  U'H  =  n'.  This  can  be  determined  by  scale  or  by  cal- 
culation. Taking  the  same  ideal  cutting-plane  SS'  and  U  as  the 
centre  of  moments,  the  acting  forces  to  the  left  of  the  section  are 
the  reactions  B  and  B^  and  the  loads  70^,  w^,  and  w^y  and  the  stress 
in  U'H=  C^ 

The  moments  with  respect  to  U  are  as  follows : 

(7,X  w'=  R^{c  —  d)  —  R{a  +  c  —  d)  -  (w,  +  w,  +  w,)a;,. 

Substituting  values  of  B,  R^ ,  and  R,  from  equations  (568)  and 
reducing, 

C7.  X  «'  =  [swj^  + 1)^'  +  :2«,.(i±iiif  + 1)]  X  (c  -  (i) 

-  (^f'i'w.  +  ^-^^^2w)  X  (a  +  c  -  rf)  -  (w.  +  t&.  +  w,)x, 

1  r  dx 

<7,=  ^,\2w,x  -  ^w^l  +  d)  -  -f2w,-  KH-  w,+  w,)x,.     (568c) 
Allowing  the  loads  to  advance  by  the  small  amount  /ix,  then 

C/  =  C,  +  -,  r^w, Ja; J^^^^*  -  i'^i  +  ^t  +  tff.)^xj. 

For  a  maximum,  C/  —  C^=  JC^z=0,  and 

2w,  -  J  2x0.  -  {w,  +  to^  +  w.)  =  0; 
2w^  -  (?(?,  +  w,  +  w,)  =  w,+  W.+  w,; 

/.  y:^w,=  tt;,+  «^.+  «' (568d) 

This  is  the  equation  of  condition  that  must  be  satisfied  for 
position  of  loads  producing  maximum  chord  stresses.  Several 
positions  of  loads  may  satisfy  eq.  (568c?).  The  greatest  must  be 
determined  by  trial,  then  the  corresponding  values  of  x,  x^yX^,  and 
a;,  ;  and  the  values  w^,  w^,  etc.,  substituted  in  eq.  (568c),  give  the 
maximum  value  of  C\. 
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It  will  be  noted  that  eq.  (568(7)  is  independent  of  w^ ,  w^,  and  w^^ 
the  loads  between  Z7and  the  main  pier  0)  also,  x^  does  not  appear. 
It  then  applies  to  trasses  with  parallel  chords  as  well  as  those  with 
inclined  chords.  It  shonld  be  noted  that  eq.  (5686),  of  condition 
tot  maximum  web  stresses,  does  involye  x^;  therefore  for  parallel 
chords  x^  is  infinitely  great,  and  the  terms  not  involving  x^  may  be 
omitted  as  of  insignificant  values.    Eq.  (568&)  then  becomes 

{w,  +  w,  +  w.)^:=^^2w,; 
and  hence  -^ 

w^  +  w^  +  w^=z^2w^,    •    •    •    •     (56^) 

which  is  the  equation  of  condition  to  be  satisfied  for  position  of 
loads  giving  maximum  web  stresses,  and  may  be  stated  as  follows: 
The  position  of  loads  for  maximum  web  stresses  in  cantilever  armB 
with  parallel  chords  must  be  such  that  the  sum  of  the  loads  on  the 
cantilever  arm  between  its  extremity  and  the  upper  extremity  of 
the  diagonal  in  question  is  equal  to  entire  load  on  the  suspended 
span  multiplied  by  a  panel  length  of  the  cantilever  arm  and  di- 
vided by  the  length  of  the  suspended  span. 

CANTILEVER  TRUSSES  UNDER  UNIFORMLY   DISTRIBUTED  LOADS. 

In  the  case  of  uniform  loads  all  the  preceding  general  formula 
apply,  but  they  can  be  placed  in  simpler  forms. 

B^  will  have  its  maximum  value  when  the  uniform  load  covers 

the  entire  span  I;  hence  2w^  =  wl  and  x^  =  — .    The  load  extends 

from  C  to  u  =  tad,  and  x  =  I  -{-id.    There  is  no  load  to  the  left 
of  U,  and  a;,  =  0.     The  load  covers  the  panel  UTy  and  a;,  =  ip. 
Making  these  substitutions  in  eq.  (568),  for  reactions, 

Eq.  (568a)  for  maximum  stress  in  Uff  becomes 

S  =  ZX-r.{i  + '^)  +  i^  -  P){^  +  ^M    •     •     (56%) 


>    •     • 


(568/*  I 
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For. parallel  chords  terms  not  inrolving  x^  and  with  -f-  or  —  signs 
can  be  omitted,  while  a;,  ad  a  multiplier  can  be  expressed  in  terms 
of  y,  and  may  be  taken  as  =  ^  sec  a,  a  being  the  angle  between 
the  diagonal  and  a  vertical  line.     Then  eq.  (568jr)  becomes 

^=wf^  +  d -ijsecflr (568A) 

These  equations  apply  to  any  panel  in  the  cantilever  arm  by 
giving  proper  values  to  x,  x^,  etc,  d  and  x^. 

When  all  of  the  web  members  are  inclined,  as  is  the  case  in  the 
Warren  girder,  it  is  necessary  to  provide  for  the  condition  that  the 
panel  points  in  upper  and  lower  chord  are  not  in  the  same  vertical 
line,  and  changes  similar  to  those  made  in  paragraph  966  must  be 
made  in  the  formulae. 

EBECTION  STBESSES. 

In  the  preceding  discussion  only  stresses  arising  from  the 
weight  of  the  structure  and  the  loads  upon  it  have  been  considered. 
But  as  cantilever  bridges  are  constructed  without  falsework,  the 
method  of  erection  adopted  is  to  build  out,  from  each  of  the  main 
piers  O  and  Q,  each  cantilever  arm  and  the  adjacent  half  of  the 
suspended  span.  It  is  evident,  then,  that  the  cantilever  arms  them- 
selves will  be  subjected  to  the  same  kinds  of  stresses  in  each  mem- 
ber as  when  completed,  that  is,  the  upper  chords  will  be  under 
tension  and  the  lower  chord  under  compression.  The  web  mem- 
bers 1^11  be  stressed  according  to  the  design  of  the  truss,  and  no 
reversion  in  the  kind  of  stress  will  occur  in  any  member.  The 
suspended  span  daring  process  of  erection  will  have  stresses  in  all 
of  its  members  of  different  kinds  from  those  developed  in  the  com- 
pleted structure,  as  until  it  is  connected  at  its  centre  each  half  will 
be  a  projecting  or  cantilever  truss,  and  will  have  to  sustain  tension 
in  top  chord  and  compression  in  bottom  chord.  It  will  also  be 
noted  that  the  members  LP  and  HK  will  be  under  compression 
during  erection.  These  erection  stresses  are  sometimes  very  great, 
and  ample  provision  must  be  made  to  sustain  them.  Proper  ar- 
rangements must  be  made  for  expansion  and  contraction  at  each 
end  of  the  suspended  span.  For  this  purpose  folding  wedges  or 
wedges  and  rollers  removed  after  erection,  in  connection  with 
oblong  pin-holes,  are  used. 

WIND  STRESSES. 

Wind  stresses  on  cantilever  structures  should  be  computed  with 
great  care.     The  stresses  in  the  chords  and  web  members  are  to  be 
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calcnlated  in  precisely  a  similar  manner  as  for  the  fixed  and  live 
vertical  loads  on  the  structure.  There  will  in  general  be  fonnd  a 
horizontal  reaction  at  A^  the  amount  depending  on  the  relative  pro- 
portions of  anchorage  and  cantilever  arms  and  suspended  span. 
This  reaction  must  be  provided  for  at  A  by  such  a  connection 
between  the  anchor  arm  and  the  masonry  as  will  at  the  same  time 
permit  of  longitudinal  contraction  and  expansion. 

ECONOMICAL   LENGTHS  OF  SPANS  AND  ABMS. 

The  suspended  span  may  be  advantageously  taken  equal  to  from 
0.5  to  0. 55  of  the  entire  length  between  main  piers  G  and  Q,  and 
the  cantilever  arm  .BO  or  DE  equal  to  0  25  of  the  same. 

It  has  been  found  in  the  best  practice  that  the  anchorage  arm 
AB  should  be  1.67  to  2  times  the  length  of  the  cantilever  arm  Bi\ 
with  the  suspended  span  twice  or  a  little  more  than  the  latter. 
Making  L  =  the  full  length  of  the  entire  structure  =  2a  +  2c  +  /, 
then,  approximately, 

a  =  0.226L;    c  =  0.1132: ;     I  =  0.32L. 

The  foregoing  discussion  of  cantilever  stioictures  follows  the 
method  given  by  Mr.  Burr  in  his  work  on  "  Stresses  in  Bridge  and 
Eoof  Trusses.*'  The  brief  and  general  discussion  of  the  types 
shown  in  Figs.  365  and  366  are  on  the  lines  laid  down  in  Modern 
Framed  Structures.  For  thorough  discussions  of  cantilever  struc- 
tures reference  should  be  made  to  the  above  works. 

981.  Niagara  River  Cantilever  Bridge, — This  bridge  consists 
of  two  double  cantilevers  AB  and  CDy  and  the  suspended  span 
CBD'E.  Each  of  the  cantilevers  has  two  points  of  support, 
namely,  the  steel  piers  and  the  abutments  at  A  and  Z>.  Where 
greater  length  is  required,  other  suspended  spans  could  have  one 
end  of  each  suspended  from  A  and  Dy  respectively,  the  other  ends 
of  which  could  rest  upon  abutments.  In  this  case  the  weights  of 
these  spans  must  balance  the  excess  load  upon  the  main  span- 
FD'EG,  If,  aa  in  the  Niagara  Bridge,  Fig.  365,  the  ends  of  the 
structure  are  at  A  and  />,  the  equilibrium  or  balance  ia  secured  by 
anchoring  these  extreme  ends  to  the  abutments;  or  the  weights  of 
the  cantilever  arms  AF  2lvA  GD  must  be  sufficiently  great  to  bal- 
ance the  weight  of  the  main  span  and  its  loads  under  all  con- 
ditions. 

Another  arrangement  of  spans  for  a  cantilever  bridge  is  shown 
in  Fig.  366,  which  is  the  design  of  the  Kentucky  and  Indian* 
Bridge.     In  this  there  is  a  centre  through-span  resting  on  two 
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points  of  support,  from  each  end  of  which  project  the  cantilever 
arms,  to  ^he  ends  of  which  are  suspended  spans,  the  other  ends  of 
which  are  suspended  from  other  cantilever  arms.  CD^  the  central 
through-span;  5C7and  DEy  the  cantilever  arms;  AB  and  EF,  the 


^    loa V-X  -^Tg^  -jt-  -^  ~£  -lit! 


2S 


.•$ 


E'     C,       ! 


Fio.  865. — Niagara  River  Cantilever  Bridge. 


suspended  spans.    The  truss  is  continuous  over  the  piers  O  and  D 
from  B  to  E, 

981^.  In  all  cantilever  bridges  the  suspended  span  is  simply  in 
the  condition  of  any  span  resting  on  two  points  of  support.  The 
stresses  in  the  various  members  are  determined  in  the  same  manner 
as  any  similar  span  resting  on  two  points  of  support,  and  from  any 


■^-■aOOl—  ^U^^l«);^|^-460~*t 


Fig.  866. 


condition  of  loading  the  reactions  are  the  resistances  at  the  ends 
of  the  cantilever  arms  due  to  the  loads  on  the  suspended  span. 
These  reactions  act  at  the  ends  of  the  cantilever  arms,  and  must  be 
combined  with  the  loads,  if  any,  on  the  cantilever  arms  in  order  to 
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determine  the  stresses  in  the  members  of  those  arms;  and^  as  has 
been  mentioned,  proper  loads  or  anchorage  must  be  provided  on 
the  balancing  arms  of  the  cantilevers  -4^  and  GD,  Fig.  365,  and  on 
the  through-span  GZ>,  in  Fig.  366. 

In  both  forms  of  cantilever  bridges  shown  in  Figs.  365  and  366 
there  are  but  two  supports  for  the  cantilevers  proper;  hence  the 
reactions  can  be  readily  found. 

In  Fig.  366  the  bridge  is  hinged  at  the  points  B  and  (7;  conse- 
quently it  is  divided  into  three  independent  portions,  namely,  AB, 
BC,  and  CD. 

The  stresses  in  the  members  of  the  span  BC  are  determined 
from  the  loads  on  it,  including  its  own  weight,  with  the  loads  in 
position  to  prodiice  the  maximum  stresses. 

Then  this  span  must  be  loaded  so  as  to  give  maximum  reactions 
at  B  or  (7.  This  load,  then,  constitutes  the  end  load  on  the  canti- 
lever arm  DF  or  EG,  which  is  then  to  be  combined  with  the  total 
load  on  and  the  weight  of  the  arm  itself.  These  arms  are  then  in 
the  condition  of  a  cantilever  fixed  or  balanced  at  one  end,  that  is, 
at  the  points  F  and  G.     (See  Fig.  360.) 

The  reactions  at  the  points  of  supports  A  and  For  G  and  Z>, 
are  found  by  the  simple  application  of  the  principle  of  the  lever. 
These  reactions  and  the  loads  being  known,  the  shears  and  bend- 
ing moments  in  any  panel  or  at  any  section  are  easily  determined 
by  the  application  of  the  principles  and  equations  already  found. 

In  the  form  of  truss  shown  in  Fig.  366  the  reactions  at  C  and 
D  are  to  be  found  by  the  application  of  the  principles  and  equa- 
tions established  in  the  discussion  of  the  continuous  girder  over 
two  points  of  support.  When  the  reactions  are  found  the  shears 
and  bending  moments  at  any  section  are  found  as  already  explained. 

982.  Cantilever  bridges  being  used  mainly  for  long  spans,  the 
double  systems  of  web  members  are  commonly  used  for  the  sake 
of  economical  construction.  « 

Such  systems  do  not  admit  of  the  use  of  the  wheel-concentration 
method  of  loading,  and  some  of  the  methods  of  equivalent  uniform 
load,  or  uniform  load  with  one  or  two  excess  or  concentrated  loads, 
are  adopted;  and  it  is  usual  to  consider  each  system  of  web  bracing 
to  be  independent,  and  the  loads  are  assumed  to  be  carried  by  the 
system  to  which  it  belongs.     (See  Fig.  360.) 

The  use  of  cantilever  bridges  is  confined  mainly  to  those  situa- 
tions or  conditions  which  require  very  long  spans,  or  where  thedif- 
fionUies  and  cost  of  erectiiiar  fulse-work  upon  which  to  build  the 
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bridge  are  very  great  or,  it  may  be,  impracticable  from  several 
<;auses,  such  as  over  deep  channels  with  rapid  currents,  and  where 
the  false-work  would  be  a  serious  obstruction  to  navigation. 

Having  given  the  equations  for  maximum  stresses  and  those  for 
determing  the  positions  of  the  moving  loads  required  to  produce 
them,  paragraph  980,  the  writer  will  limit  this  discussion  to  finding 
the  reactions  at  the  points  of  support  for  a  given  condition  of  load- 
ing. These  being  found,  the  stresses  resulting  can  be  easily  found 
by  the  application  of  the  general  principles  for  the  determination 
of  stresses  in  beams  or  trusses  fixed  at  one  end  or  supported  at  both 
ends. 

988.  Niagara  Cantilever  Bridge  (see  Fig.  365). — Since  in  this 
bridge  there  are  no  diagonals  in  the  panels  over  the  towers  F  and 
Of  the  trusses  are  free  to  turn  at  those  points  as  if  supported  on  a 
single  pin,  and  as  the  suspended  span  is  simply  hung  from  the  ends 
of  the  cantilever  arms,  we  may  consider  the  entire  structure  as 
composed  of  three  independent  trusses  on  each  side  of  the  bridge, 
namely,  ABy  BGy  and  CD.  Each  of  the  trusses,  then,  considered 
as  a  whole,  must  be  independently  balanced  under  the  loads  acting 
upon  it. 

Dead  Loads, — The  weight  of  the  centre  span  BC  being  uni- 
formly distributed,  the  stresses  in  the  several  members  are  to  be 
found  in  the  same  manner  as  for  any  truss  simply  supported  at  both 
ends  and  uniformly  loaded.  Each  reaction  at  B  and  C  will  be 
equal  to  one  half  the  weight  of  the  truss,  or  entire  dead  load,  or 
one  half  of  the  dead  load  is  transmitted  and  supported  at  each  of 
the  points  B  and  (7,  and  constitutes  a  single  load  acting  on  the 
cantilever  lever-arms  at  these  points.  We  then  have  two  equal  and 
similarly  loaded  trusses  AS  and  CZ>,  acted  upon  by  one  half  of  the 
weight  of  the  centre  span  at  their  ends  B  and  C,  and  a  dead  load 
^qual  to  its  own  weight,  assumed  to  be  concentrated  at  and  divided 
equally  or  otherwise,  according  to  the  design  of  the  structure, 
amongst  the  several  panel  points.  The  stresses,  then,  in  the  two 
arms  AFd^ndi  FB  are  found  as  for  the  cantilever  truss  (Fig.  360), 
having  one  end  fixed  and  the  other  free.  The  condition  of  equi- 
librium requires  that  the  moments  of  the  loads  on  the  two  arms 
with  respect  to  the  centre  point  F  must  be  equal.  And  since  a  con- 
oentrated  load  exists  at  the  point  B  on  the  arm  FB,  this  must  be 
balanced  by  an  equal  or  an  equivalent  load  on  the  arm  AF,  This 
may  be  accomplished  by  making  AF  similar  in  every  respect  to 
FBj  and  anchoring  the  end  A  to  the  abutment,  or  by  a  longer  arm, 
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or  a  shorter  arm,  haying  the  proper  weight  and  distribution  of  the 
weight  in  order  to  develop  the  proper  moment  to  bring  about  a  bal- 
ance at  F. 

The  same  requirements  and  conditions  exist  for  the  arms  CG 
and  GD. 

Rolling  Load. — ^For  maximum  positive  moments  on  the  arm 
OD  this  arm  should  be  fully  loaded  with  the  rolling  load. 

The  maximum  positive  moment  in  the  arm  CG  and  maximum 
negative  moment  in  GD  will  occur  when  the  portions  of  the  trusses 
from  B  to  G  are  fully  loaded. 

Let  single  rolling  load  to  come  in  from  the  right  and  rest 
at  Dy  then  the  moment  at  any  section  S  is  zero,  not  considering  the 
dead  load.  If,  then,  we  draw  a  horizontal  line  D^D^%  as  shown 
in  Fig.  365  (a),  this  will  be  the  line  of  zero  moments.  Project  the 
point  D  on  />,.  As  this  load  advances  towards  G  the  moment  at  /^ 
will  be  positive  and  increasing,  reaching  a  maximum  when  the  load 

is  over  S.  The  reaction  at  G  will  then  be  w—p—,  and  this  multi- 
plied by  the  distance  from  G  to  S  =  x  will  be  the  bending  mo- 
ment  at  G;  hence  if  =  to  ^   „ — \     Lay  off  this  moment  under  S 

as  represented  by  S'S'^,  and  join  iS'  and  D';  then  the  ordinate  of 
the  line  S'D'  will  represent  the  moment  at  S  for  the  load  at  corre- 
sponding points  in  the  truss  directly  above — the  reaction  at  G  most 
be  determined  for  each  position  of  the  load.  After  the  load  passes 
S  the  moments  again  decrease  until  it  rests  above  the  centre  of  the 
tower  at  G,  when  the  moment  becomes  zero  at  S,  as  shown  by  the 
moment-line  crossing  the  zero  line  at  G\  As  the  load  passes  G  it 
causes  a  negative  or  upward  moment  at  S,  which  becomes  a  nega- 
tive maximum  when  the  load  reaches  the  point  C,  the  end  of  the 
cantilever  arm  GB.  The  value  of  this  moment  is  found  by 
multiplying  the  reaction  at  D  by  its  distance  from  8,  The  reac- 
tion is  evidently  found  from  the  proportion  jR  :  w  (at  (7)  as  /, :  /'. 

I  I  (V  —  x) 

/.  R  z^  wA;  its  lever-arm  V  —  x.    Hence  moment  =  to  *    „ — , 

and  negative.  Laying  oflf  this  moment  below  the  zero-line  and  rep- 
resented by  E'E'\  and  connecting  E'^  and  S'y  any  ordinate  of  this 
line  will  represent  the  moment  at  S  with  the  load  at  points  on  the 
truss  vertically  above  the  ordinates;  for  example,  the  ordinate 
Q'Q^'  represents  the  moment  *S',  when  the  load  is  on  the  truss  above 
Q.     As  the  load  passes  to  the  left  of  C  and  rests  on  the  suspended 
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span^  its  moment  at  S^  is  still  negative^  but  decreasing,  as  only  a 
part  of  it  is  supported  at  O.  When  it  reaches  B  it  is  carried  en- 
tirely by  the  truss  AB\  its. moment  at  S  becomes  zero,  as  indicated 
at  Z>,.  Connect  D^  with  E'\  The  ordinate  of  D^E"  is  the  mo- 
ment at  jS^  when  the  load  is  at  a  point  on  the  suspended  truss  BC 
yertically  aboTe  the  ordinate  on  the  truss.    The  line  S'E"  is  a 

straight  line,  since  yp,p„  =  7-. 

It  is  evident  from  the  diagram.  Fig.  365  (a),  that,  if  the  entire 
arm  OD  is  loaded,  the  area  0'8'D"8"G'  will  represent  the  max- 
imum positive  or  downward  moment  S^  and  that  when  the  sus- 
pended span  £C7and  the  arm  CO  are  both  loaded  throughout,  the 
maximum  negative  moment  at  8  occurs,  and  is  represented  by  the 
area  D^G'E"D^.  Therefore,  to  find  the  maximum  positive  moment 
at  any  section  8  in  the  arm  GD,  the  entire  arm  GD  must  be  loaded 
with  the  rolling  load;  but  no  load  must  be  to  the  left  of  G,  For 
maximum  negative  moment  at  any  point  8  in  GD  the  distance  BG 
must  be  loaded  throughout,  but  no  load  must  be  on  the  arm  GD, 

The  diagram  Fig.  365  {h)  represents  graphically  the  shears  pro- 
duced in  the  panel  8T  in  the  same  manner  as  diagram  {a)  repre- 
sents moments. 

When  the  rolling  load  enters  at  D  the  shear  is  zero.  As  it 
passes  on  it  will  be  the  increasing  reaction  at  G,  until  it  reaches  the 
panel  point  T  to  the  right  of  8.  When  it  passes  T  a  part  of  w  is 
supported  at  8,  and  when  a  point  is  reached  at  which  the  reaction 
at  O  is  equal  to  the  portion  of  the  load  transferred  to  8,  the  shear 
becomes  zero,  crossing  the  zero  line  dD^\  the  shear  then  becomes 
negative,  and  has  its  maximum  value  when  the  load  reaches  8^  after 
which  the  shear  is  equal  to  the  reaction  at  />,  and  decreasing  to 
zero,  when  the  l^ad  reaches  G.  When  the  load  passes  G  to  the  left 
it  causes  a  negative  reaction  at  D  and  a  positive  shear  at  8,  increas- 
ing to  a  maximum  when  the  load  reaches  the  end  of  the  arm  (7,  and 

represented  by  E^E^,  figure  (S).    Its  value  is  wA    From  that  point 

on  to  B  it  decreases,  and  becomes  zero  when  the  load  reaches  B,  as 
seen  at  Z),. 

Therefore,  for  the  maximum  positive  shear  in  any  panel  ST,  the 
arm  GD  should  be  loaded  from  D  to  T,  and  also  the  entire  dis- 
tance from  B  to  G,  and  is  represented  by  the  two  areas  D  Ty  and 
GJS^DJ}^.  The  maximum  negative  shear  is  represented  by  the  area 
yS^G^y  the  load  extending  from  some  point  between  8  and  T  to  G. 
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For  moments  on  the  arm  EG  at  any  point  Q  it  is  evident  that 
only  that  portion  of  the  truss  between  B  and  Q  sbonld  be  loaded. 
With  the  load  at  B  the  moment  at  Q  is  zero.  As  the  load  advances 
towards  C  an  increasing  negative  moment  is  developed  at  Q,  due  to 
that  portion  of  w  transferred  to  C,  becoming  a  maximum  when  at  C. 
As  the  load  passes  to  the  right  of  C,  its  moment  at  Q  decreases, 
becoming  zero  when  it  reaches  the  point  vertically  above  Q,  a  load 
between  Q  and  G  produces  no  bending  at  Q^  while  a  load  to  tie 
right  of  G  would  cause  a  moment  in  the  opposite  direction.  The 
maximum  moment,  then,  will  be  when  the  load  extends  from  B 
to  Q,  and  is  represented  by  the  area  D^Q^E^y  Fig.  365  (c). 

The  positive  shear  in  the  panel  Qz  of  one  system  of  web  bracing 
commences  with  the  load  at  By  being  zero  for  that  point,  and  in- 
creasing to  a  maximum  when  the  load  reaches  C.  It  then  remains 
constant  ui^til  the  load  reaches  Qy  after  which  it  decreases  as  the 
load  approaches  z,  and  when  at  z  the  shear  at  Q  again  becomes  zero, 
the  diagram  Fig.  365  (d)  representing  maximum  positive  shear  at 
Qy  its  area  being  proportional  to  the  sum  of  the  reactions  at  C  of  all 
the  loads  on  BCy  plus  the  sum  of  the  loads  on  EQy  plus  the  reac- 
tions at  Q  of  the  loads  on  Qz. 

The  several  diagrams,  Figs.  365  («),  (J),  (c),  and  (d)y  are  equally 
applicable  to  the  design  of  the  cantilever  bridge  shown  in  Fig. 
366,  if  only  that  portion  of  the  truss  from  -4  to  /?  be  considered, 
the  central  span  CD  of  Fig.  366  corresponding  with  the  shore  arm 
GD  of  the  truss  in  Fig.  365,  the  points  S  and  T  occupying  the 
same  relative  position  in  the  two  cases.  In  Fig.  365  there  is  no  sus- 
pended span  at  the  end  Dy  whereas  in  Fig.  366  there  is  a  second 
cantilever  arm  DE  and  the  suspended  span  EF,  Therefore  a  load 
coming  in  from  the  right  and  passing  F  produces  both  negative 
shears  and  moments  at  any  point  Sy  both  reacl|ing  a  maximum 
when  the  load  reaches  E.  The  diagrams  for  these  are  shown  iu 
Figs.  366  (a)  and  (6),  respectively.  With  the  load  at  F,  both  mo- 
ment and  shear  at  S  are  zero.  They  gradually  increase  until  the 
load  reaches  Ey  where  they  have  maximum  negative  values.    Tlie 

shear  in  the  panel  ST  is  equal  to  the  negative  reaction  at  (7=  H^;. 

and  the  moment  at  G  is  W-j^y  represented  by  the  middle  ordinates 

respectively,  E,E^  and  E'E'\  Ac  the  load  passes  E  these  decrease" 
and  become  zero  when  the  load  reaches  D.  For  the  other  moments 
and  shears  exactly  similar  diagrams  are  to  be  constructed.     For 
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maximum  negative  moments  in  GD  both  of  the  spans  ^(7  and  DF 
should  be  loaded. 

The  discussion  of  these  cantilever  bridges  is  only  entered  into 
far  enough  to  show  the  general  effects  of  loads  on  different  parts  of 
the  stmcture  considered  as  a  whole ;  for  general  formulas  see  para- 
graph 980.  For  economy  the  suspended  span  should  be  made 
about  four  tenths  of  the  total  opening;  but  the  longer  this  span 
compared  to  the  total  openings  the  less  will  be  the  deflection.  The 
maximum  vertical  deflection  of  the  hinge  C  (Fig.  365)  under  the 
test  load  was  about  9  inches.  The  corresponding  deflection  of  a 
bridge  with  short  cantilever  arms  and  a  long  suspended  span  was 
only  3^  inches. 

SWIi^TG -BRIDGES. 

984i  A  swing-bridge  or.  as  often  miscalled,  a  drawbridge,  is 
simply  a  bridge  balanced  and  supported  in  such  a  manner  on  a  pier 
that  it  can  be  turned  around  to  the  axis  of  a  stream,  thereby  per- 
mitting the  free  passage  of  river  craft  on  one  or  both  sides  of  it. 
Its  construction  is  that  of  a  continuous  girder  of  two  or  more  spans, 
and  as  such  the  principles  of  continuous  girders  as  fully  discussed 
are  applicable. 

A  swing-bridge  when  closed  forms  a  continuous  support  for  the 
traffic  of  a  highway  or  railway  across  a  stream. 

There  are  several  methods  of  balancing  and  supporting  a  swing- 
bridge  on  the  pivot  pier  and  on  the  piers  at  its  ends  when  closed. 

985.  Centre-hearing  Pivot. — In  Fig.  367  is  shown  a  side  eleva- 
tion of  one  truss  of  swing-bridge  with  three  points  of  support  at  A,  e, 

and  K,  and  in  Fig.  367  (a)  a  plan  of 
the  bridge.  If  the  ends  of  the  truss 
A  and  K  do  not  touch  or  rest  on  the 
end  piers  or  supports  when  only 
loaded  with  its  own  weight,  there  will 
be  no  end  reactions,  the  truss  being 
balanced  over  the  centre,  and  the 
truss  is  simply  in  the  condition  of  two 
cantilever  arms  balancing  each  other.  If  a  moving  load  comes  on 
one  arm,  Ae  for  example,  this  arm  is  deflected  until  a  reaction  is 
developed;  the  unloaded  arm  cZ' lifts,  still  having  no  reaction.  If 
the  live  load  covers  both  arms  there  may  or  may  not  be  any  end 
reactions.  In  the  latter  case  there  are,  as  before,  two  balanced  can- 
tilever arms.    The  bridge  is  then  called  a  tipper. 
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In  the  following  discnsaion  it  will  be  assumed  that  when  the 
bridge  is  closed  the  ends  are  raised  by  their  supports. 

By  means  of  the  principles  and  equations  giyen,  the  moments, 
and  consequently  the  reactions,  for  any  condition  of  loading  can 
be  found.  The  two  spans  Ae  and  Ke  are  assumed  equal,  and  the 
loads  are  taken  as  concentrated  at  the  panel  points  ft,  c,  d,  etc. 

Since  the  continuous  girder  is  simply  supported  at  the  ends  A 
and  K,  the  moments  at  these  points  are  zero. 

The  full  discussion  of  the  Theorem  of  Three  Moments  will  not 
be  given  in  this  volume.  For  this  the  reader  is  referred  to  such 
works  as  Dubois,  Burr,  Johnson,  and  to  Bender  on  "  Continuoos 
Bridges/^     (See  Van  Nostrand's  Science  Series,  No.  26.) 

From  the  principles  and  equations  for  continuous  girders  al- 
ready discussed  we  learned  (I)  that  continuity  of  girders  developed 
moments  in  a  vertical  plane  over  the  points  of  support,  these 
moments  being  represented  by  couples  whose  lever-arm  is  the  depth 
of  the  truss  and  whose  equal  and  opposite  forces  are  the  tension 
and  compression  in  the  upper  and  lower  chords  respectively;  (2) 
that  the  effect  of  these  moments  was  to  change  the  shears  and 
bending  moments  resulting  from  any  condition  of  loading  from 
those  caused  by  the  same  loading  on  any  span,  considered  simply 
as  a  beam  supported  at  its  two  ends;  (3)  that  reactions  must  not 
be  taken  for  shears  at  the  piers,  except  at  the  extreme  left-  and 
right-hand  piers  of  a  series;  the  shears  are  the  reactions  from 
each  span  taken  separately,  whereas  the  reactions  in  intermediate 
piers  are  the  sum  of  the  shears  over  that  pier  arising  from  the  two 
adjacent  spans;  (4)  that  while  the  shears  or  partial  reactions  from 
the  loads  on  any  span  are  not  the  same  as  for  a  truss  simply  sup- 
ported at  the  ends,  the  sum  of  these  shears  is  the  same,  and  equal 
the  total  load  on  the  span  considered  independently  and  separately, 
provided  the  supports  are  rigid,  as  is  usually  assumed;  (5)  that  in 
a  scries  of  any  number  of  spans  the  end  spans  are  taken  as  in  the 
condition  of  beams  supported  at  one  end  and  fix,ed  at  the  other. 
Therefore  the  bending  moments  at  the  two  extreme  ends,  where 
the  beam  or  truss  simply  rests  on  its  support,  are  zero.  (6)  Under 
this  latter  supposition  it  is  always  possible  to  obtain  as  many  equa- 
tions as  there  are  unknown  moments.  Therefore  the  moments, 
shears,  and  reactions  can  always  be  found,  no  matter  how  manv 
spans  there  may  be. 

986.  To  determine  the  moments,  shears,  and  reactions  at  the 
piers  of  a  continuous  truss  the  Theorem  of  Three  Moments  is  used. 
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— an  equation  of  equilibrium  expressing  the  relations  between  the 
moments  at  the  piers  and  the  loads  of  any  three  consecutivo  piers 
and  spans  between  them,  taken  in  order,  as  1, 2,  3;  2, 3, 4;  3, 4,  5; 
etc*  Or  calling  the  middle  pier  of  the  three  the  rth,  the  one  on 
the  left  will  be  the  r  —  1th  and  the  one  on  the  right  the  r  +  1th 
pier.  The  left  span  will  be  Ir.i  and  the  right  span  Ir.  The  mo- 
ments at  the  piers  will  be,  respectively,  i/r-i>  ^rf  and  iC+i* 

Then,  for  a  uniformly  distributed  load  on  the  first  span  of  the 
intensity  Wr-i  and  on  the  second  of  Wr,  we  write 

Jf^lU  +  2Mr{lr^,  +  Ir)  +  ifr+l?r  =   "  i(  H^-A-l  +    WJl^).      (568) 

And  for  any  system  of  concentrated  loads  on  the  two  spans  repre- 
sented by  "^Wr-i  and  ^W^  respectively,  when  the  distance  of  the 
centre  of  gravity  of  the  loads  on  the  first  span  is  distant  from  the 

left  of  the  three  piers  by  a  =  klr-i  or  i  =  y— ,  we  write 

*r-I 
^r-l^r-l  +  2Jf,(U  +  Ir)  +  ^^r+l^r 

=  -  2Wr^^lr^i{k  -  A")  -  2WJlr\2k  -  3**  +  *•).  (569) 

The  conditions  of  loading  as  shown  in  Pig.  368  (J)  are  expressed 
by  equation  (568),  and  those  in  Fig.  368  {c)  by  equation  (569). 

It  is  to  be  noted  that  at  each  pier  there  are  two  partial  reactions, 
one  from  the  load  on  each  of  the  contiguous  spans.  These  are  the 
shears  immediately  to  the  left  and  right  of  the  piers.  The  final  or 
total  reaction  in  each  of  the  piers  is  the  sum  of  the  two  shears  at 
that  pier. 

Since  the  loads  on  the  trusses  of  bridges  are  usually  concen* 


trated  at  the  panel  points,  equation  (569)  is  the  one  that  will  be 
used  in  the  following  discussion.  And  as  in  determining  the 
stresses  in  individual  members  it  is  necessary  to  consider  the  effect 
of  each  panel  concentration  separately,  and  then  to  combine  these 
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separate  results  to  obtain  maximum  stresses,  we  will  consider  only 
the  single  load  Wr-i.     Then  2Wr=0;  2  Wr-i  =  J^'r-i- 

Beferring  now  to  Fig.  369,  which  shows  one  of  the  two  trasses 
of  a  swing-bridge  having  a  centre-bearing  pivot  consisting  of  two 
spans  simply  supported  at  the  two  ends,  and  r  =  2,  Jf,..i  =  if,  =  0, 
M^i  =  i/,  =  0.     Then  equation  (669)  becomes 

•••  3/.  =  -  2(^^(*  -  i*).  .  .  .  im 

This  gives  the  bending  moment  over  the  centre  or  pivot  pier  e. 
To  find  now  the  reaction  R^  at  A,  conceive  the  truss  to  be  cat 
by  a  vertical  plane  at  Ee,  remov-  ^        g 

ing  the  right-hand  span  and  tak-  /fsTT/l  yr***"TVPrT^"3K 

ing  moments  with  respect  to  an      a/XI/I/J  I,^^AI\LXI\I"' 


axis  in  the  cutting-plane.     The    RiUo**— jp-fiitfi.— .«jt+&-/i ^ 

acting  moments  are  J/,,  that  of  J?' 

E,  and  that  of  the  load  W  dis-  ^^-  ^^• 

tant  from  -4  =  a;  l^  =  Ae.    This  condition  is  shown  in  Fig.  369, 

the  moment  of  E^  being  zero.     Then 

J/,  =  EJ-  W{1,  -  a);  .-.  B,  =  ^^^'  ~  ">  +  ^'. 

Substituting  the  value  of  Jtf,  from  equation  (570),  we  ham 

W.l. 


R.=  - 


mr+h)^'  -  *'^ + ""■  -  '^•r 


And  making  ^—^  and  Z,  =  -?  or  ?,  =  nL , 

^'  =  2{r^P^^  +  n)  -  i(l  +  2  +  2n)  +  F].      (571) 

Taking,  then,  the  right-hand  half:  the  acting  moments  are  Jf,, 
and  that  of  E^  with  respect  to  an  axis  at  e.  Hence  J/,  =  BJ^,  as 
there  is  no  load  on  l^, 

.-.  if.  - -^  =  -  ^-p^(*  -  *  )J 

W  7   a  TTT 

^*^~  2(i,  +  nK)nl,^^  -k')  =  ~  2(1  +'„)„(*  "  **)•  (572) 
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And  since  2  V,  or  the  £rnm  of  all  yertical  components^  must  be  zero, 
2F=  i2,  +  jB,  +  i2,  -  fF,  =  0.  /.  ^,  =  IF,  ~  i2,  -  ^,.  Sub- 
stituting  Tallies  of  J2,  and  E^, 

+  2(l  +  w)^^*"*'^' 

jl  ^Tr,r2n(l+n)^n[2(l+^)-^(l+2+2n)+^']+(A:~yn  .^^3. 
•     2wL  1  +  71  J'^      ' 

Reducing,  S,  =  ^(2ni  +  *-*•)  =  ^[A(l  +  2n)  -  *•]. 

For  loads  in  the  span  Z,  make  l^  =  nl^ ,  and  a  =  kl^=^  distance 
of  the  load  from  the  right-hand  support  K.  Then  7?,  becomes  iZ, 
and  R^  becomes  R^. 

The  above  equations  (571-3)  are  all  that  are  necessary  to  find 
the  reactions  for  any  continuous  girder  over  three  supports. 

Where  the  two  spans  are  equal,  Z^  =  ?,  =  I,  and  w  =  1.  These 
equations  then  become 

H,  =  -^(4  -5k  +  k')i    5.  =  -  ^{k  -  *•) 


and 


^.  =  ^(3*  -  k*). 


.  (574) 


Having  found  the  reactions,  the  stresses  are  found  as  in  any 
tmss.  The  live  load  can  be  taken  as  acting  at  one  panel  point,  at 
two,  or  any  number  of  points.  Eqs.  (574)  gives,  then,  the  reaction 
due  to  each  load  by  simply  changing  FT,  and  k  to  correspond  with 
the  magnitude  of  the  load  and  its  position  with  respect  to  the  point 
of  support,  A  or  K^  in  Fig.  369.  The  sum  of  these  partial  reac- 
tions will  be  final  reactions  for  the  loading  existing  at  any  time. 
A  moving  load  may  enter  the  bridge  at  one  end  A  and  cover  a  por- 
tion or  the  whole  of  the  first  span,  and  pass  on  to  the  second  span, 
and  finally  out  entirely  at  the  other  end  JT;  every  position  may  or 
does  produce  a  different  stress  in  the  several  members,  either  in 
kind  or  in  magnitude,  or  in  both.  The  point  then  is  to  determine 
that  position  of  the  moving  load  which  will  give  maximum  stresses 
in  the  members. 
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987. — Maximum  Stresses. — Live  load  is  assumed  to  be  on  one 
arm  only  for  maximnm  tension  in  lower  chord  and  maximam  com- 
pression  in  upper  chord;  also  for  maximum  web  stresses  from  end 
towards  centre. 

From  equations  (574)  we  find  the  left-hand  reaction  (Fig.  370), 

W 
if,  =  — *(4  —  5i  +  k*),  which  is  positive  for  all  values  of  k  from  0 

to  1.     The  moment,  then,  at  any  section  C  to    a-Xr^IU^  e 
the  left  of  IF,  is  simply  M  =  B^x,  and  posi-  ^itf^I Js'  f  T 

tive.    For  any  point  (7  to  the  right  of  W,  we    F-^^^'  ' 

have  the  moment  Fig.  870. 

This  moment  becomes  zero  when  I  =  a;, — j — ,  and  if  x.  is  that 
value  of  2;,  for  which  Jf  =  0, 

x^  4 


1-5^^ (^'^) 

To  the  left  of  this  point  of  zero  moment  the  moment  is  poei- 

tive,  and  beyond  or  to  the  right  it  is  negative.    When  k^O,-j  = 

4  X 

-■  =  0.8;  when  A:  =  1,  ~  =  1.     Hence  all  loads  in  the  first  span 

give  positive  moments  at  all  points  to  the  left  of  the  point  where 

As  loads  in  the  second  span  would  give  negative  values  for  i?, , 
and  consequently  negative  moments  in  the  first  span,  no  loads  shonld 
exist  on  the  second  span  when  we  are  seeking  maximum  positive 
moments,  or  maximum  compression  in  the  upper  chord  and  maxi- 
mum tension  in  the  lower  chord ;  but  the  first  span  should  be  fullr 

X 

loaded  for  these  maximum  stresses  at  any  point  to  the  left  of  y  = 

0.8.  For  the  remaining  0.2  of  the  span  as  many  different  loadings 
are  required  as  there  are  centres  of  moments,  which  are  panel 
points — usually  not  more  than  one.  The  point  over  the  centre  su]>- 
port  is  not  used,  as  the  greatest  positive  moment  at  that  point  is 
zero.  The  loading  taken  must  be  such  that  the  point  of  zero  mo- 
ments is  on  the  right  of  the  centre  of  moments  taken.    For  all 
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practical  purposes,  howeyer,  one  position  of  the  uniform  live  load 
is  sufficient  for  maximum  positive  moments  giving  maximum  com- 
pression in  upper  chord  and  tension  in  lower  chord,  and  that  is 
when  the  first  span  is  fully  loaded.  The  total  reaction  i2,  being 
then  found,  the  stresses  in  the  members  are  readily  computed. 

988.  Web  Stresses. — To  find  the  maximum  positive  shear  or 
maximum  tension  in  those  diagonals  inclining  downwards  towards 
the  right. 

The  positive  shear  in  any  panel  is  equal  to  the  reaction  R^ 
minus  the  loads  between  R^  and  the  panel  in  question.  As  any 
load  on  the  second  span  causes  a  negative  reaction  on  the  left  at  A, 
thereby  introducing  a  negative  shear,  there  should  be  no  loads 
on  the  second  span.  And  as  any  load  between  i2,  and  the  panel 
under  consideration  increases  the  positive  reaction  by  only  a  por* 
tion  of  the  load  itself,  whereas  the  entire  load  must  be  deducted  to 
obtain  the  shear,  no  loads  should  exist  between  A  and  the  panel 
under  consideration,  but  all  points  to  the  right  of  this  panel  should 
be  loaded.  For  maximum  shear  in  the  panel  be,  for  instance,  only 
the  panel  points  c  and  d  should  be  loaded  with  the  live  load.  Having 
fixed  upon  the  position  of  the  loads  for  maximum  positive  shears, 
the  reactions  are  found,  and  consequently  the  shears  and  the  stresses 
in  the  web  member  in  the  ordinary  way.  The  condition  of  loading 
giving  the  maximum  stresses  in  the  diagonals  gives  also  the  maxi- 
mum stresses  of  the  opposite  kind  in  the  verticals,  meeting  the 
respective  diagonals  at  their  upper  extremities. 

In  the  truss  represented  in  Fig.  369,  when  closed  the  truss  will 
be  a  continuous  girder  over  three  supports,  if  the  ends  A  and  K 
are  raised,  for  dead  loads,  consisting  of  two  equal  spans,  and  also 
for  live  loads  so  long  as  the  end  reactions  are  positive.  If  the  ends 
are  not  latched  down,  there  can  be  no  downward  or  negative  reac- 
tion. But  if  the  ends  are  not  sufficiently  raised,  a  live  load  on  the 
first  span  may  cause  the  second  span  to  rise  until  the  right  end  is 
lifted  from  its  stf^port.  This  frequently  happens,  and  when  this 
condition  is  found,  the  first  span  should  be  considered  as  an  inde- 
pendent span  for  live-load  stresses;  and  the  dead-load  stresses  are 
the  same  as  for  the  bridge  open,  or  not  bearing  on  the  end  supports, 
being  considered  as  two  balanced  cantilever  arms,  as  fully  discussed, 
after  omitting  the  external  loads. 

989.  However,  to  compensate  for  want  of  proper  adjustments, 
and  for  the  effects  of  unequal  chord  temperatures  on  the  deflection 
at  the  ends,  two  assumptions  are  made  in  calculating  the  dead-load 
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stresses:  (1)  The  ends  just  touching  with  no  positive  reactions; 
and  (2)  the  end  reactions  equal  to  those  of  a  continuous  girder  OTer 
three  supports. 

Practically  the  end  reactions  will  vary  between  the  limits  of 
these  assumptions.  The  ends  should  always  be  raised  so  that  the 
end  reaction  shall  be  at  least  a  meab  between  those  resulting  from 
the  two  conditions  assumed.  The  ends  should  therefore  be  raised 
sufficiently  to  take  out  at  least  one  half  the  deflection  of  the  ends 
arising  from  the  weight  of  the  structure,  the  bridge  open  or  spans 
swinging.  This  would  still  leave  the  ends  of  the  arms  below  the 
true  level  of  the  chord  by  one  half  of  the  deflection  due  to  dead 
loads.  This  can  be  diminished  by  shortening  the  upper  chord— 
usually  in  the  centre  panel,  or  panels  near  the  centre — ^just  enough 
to  raise  the  ends  to  the  true  level  of  the  lower  chord. 

If  the  ends  are  left  free  to  hammer,  under  extreme  variations  of 
temperature,  the  ends  may  be  thrown  out  of  line,  possibly  causing 
derailment  of  a  train. 

The  simplest  form  of  end  lift  for  a  swing-bridge  is  one  in  which 
wheels  are  attached  to  the  ends  of  arms  which  rest  on  top  of  plates 
bolted  to  the  masonry.  These  plates  are  bevelled  each  way  from  the 
crown,  thereby  facilitating  both  the  opening  and  closing  of  the 

bridge.  Some  kind  of  automatic  latch  is  necessary  to  stop  the 
bridge  at  its  proper  position,  or  the  wheels  may  be  fastened  to  the 
supports,  and  the  ends  of  the  bridge  provided  with  bevelled  plates. 

There  are  many  other  devices  for  raising  the  ends  of  swing- 
bridges,  such  as  wedges,  wheels  forced  into  bearing  after  closing 
and  latching  the  bridge  by  means  of  gearing,  the  screw-jack  or 
direct  lift,  etc. 

The  entire  dead  load  in  a  centre-bearing  swing-bridge  is  carried 
on  a  vertical  pin  or  pivot  when  swinging  or  when  not  resting  on 
the  end  supports.  If  raised  at  the  end  on  bearing-plates  when 
closed,  wedges  are  inserted  at  m\  Pig.  367  (a),  thereby  relieving  the 
pivot  from  all  live  load  except  the  panel  load  at  ee\ 

990.  For  all  lengths  up  to  100  feet  end  to  end  plate-girder 
swing-bridges  should  be  used.  For  lengths  from  100  to  160  feet 
the  riveted-truss  design  is  preferable.  The  advantage  of  this  latter 
design  is  that  the  trusses  can  be  made  in  two  halves  of  the  full 
length  of  each  span,  and  then  coupled  up  over  the  pivot  pier 
by  means  of  eye-bars  with  pin  connections.  As  the  only  stress  in 
the  top  chord  over  this  centre  support  is  tensile,  and  as  at  this 
point  the  bottom  chord  is  under  compression,  a  butt-joint  can  be 
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made  at  the  meeting  of  the  bottom  flanges  or  chords  with  only  such 
splicing  as  is  used  for  a  compression-joint.  Both  of  these  types  of 
swing-bridges  are  usually  pin-bearing:  when  closed  the  girders  rest 
on  side  supports,  which  relieve  the  pivot  from  any  but  one  panel 
weight  of  live  load.  About  four  wheels  are  used  under  the  riveted- 
truss  swing-bridge,  simply  to  balance  the  bridge  when  swinging,  but 
not  intended  to  relieve  the  pivot  of  any  load.  These  balance-wheels 
are  necessary  under  any  form  of  centre-bearing  bridge,  whether  of 
girder  or  truss  design.  They  are  placed  and  connected  to  roll 
around  on  a  circular  track  on  top  of  the  pier. 

The  limitation  of  length  for  plate  girders  to  100  feet  is  simply 
necessitated  by  the  diflBculty  of  transporting  longer  girders  in  one 
length.  Plate  girders  136  feet  long  have  been  shipped  for  short 
distances.  This  is,  however,  dangerous,  especially  when  shipped  for 
long  distances  over  all  kinds  of  roads.  Very  recently  plate  girders 
180  feet  long  have  been  built  and  erected. 


Pigs.  871. 


APPLICATION  OF  THE  PKECEDING  PRINCIPLES. 

991.  In  the  following  example  we  will  take  the  case  of  a  centre- 
bearing  swing-bridge.     One  of  the  trusses  is  shown  in  Fig.  3TI. 
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Length  from  end  to  end  270  feet;  of  each  of  the  two  spans  135.0 
feet,  divided  into  six  panels  of  22.5  feet  each.  End  vertical  Bb  = 
28.0  feet,  centre  vertical  0g  =  39.0  feet.  The  increment  in  length 
for  each  successive  vertical  from  end  to  centre  =  2.2  feet  The 
lengths  of  the  verticals  are  then  Bb  =  28,  Cc  =  30.2,  Dd  =  32.4, 
JSe  =  34.6,  Ff  =  36.8,  and'  Og  =  39.0  feet.  The  lengths  of  the 
diagonals  can  be  readily  calculated  or  scaled  from  a  large  draw- 
ing, and  are  AB  =  Be  =  35.9,  Cb  =  37.7  =  Cd,  Dc  =  39.5,  £d  = 
41.3,  Fe  =  43.1,  and  Gf=  45.0.  The  length  of  all  bottom-chord 
panels  is  =  22.5,  and  of  all  top-chord  panels  22.6  feet. 

In  determining  stresses  in  chord  panels  by  the  method  of 
moments  it  is  to  be  recollected  that  for  bottom-chord  stress  the 
centres  of  moments  are  the  top-chord  panel  points  at  which  the  top- 
chord  panel  and  diagonal  in  the  same  panel  intersect,  and  conse- 
quently the  lever-arms  are  the  respective  verticals  passing  through 
the  same  point.  For  top-chdrd  panel  stresses  the  centres  of  moments 
are  the  intersection  of  the  bottom  chord  and  the  diagonal  in  the 
same  panel,  and  the  lever-arms  for  top-chord  panel  stresses  are  the 
respective  perpendiciilars  from  the  bottom -chord  panel  points  to 
the  upper-chord  panel  in  question.  For  instance,  the  centre  of 
moments  for  the  stress  in  panel  HI  is  xi  =  li  cos  a^  a^=^  angle 

OK     O'l 


IKO.    Hence  cos  a  = 


IK^  HI' 


O'l 
/.  xi  =  Ii-f7f\ (576) 

and  similarly  for  any  other  chord  panel. 

The  dead  load  or  weight  of  the  two  trusses,  track,  etc.,  per  foot 
of  length  may  be  taken  approximately  at  1w  =  5Z  —  50  +  400  = 
5  X  270  —  50  +  400  =  1 700  pounds,  and  for  one  truss  per  foot  = 
850,  and  per  panel  850  X  22.5  =  19,125  pounds.  The  live  load 
will  be  taken  at  3000  pounds  uniform  load  per  foot  of  both  trusses, 
two  engine  excesses  20,000  pounds  each  at  head  of  uniform  loiwl 
and  placed  two  panel  lengths  apart,  or  for  each  truss  uniform  load 
per  foot  1500  pounds  or  33,750  per  panel,  and  the  two  excesses  per 
truss  10,000  pounds  each. 

Case  1 . — The  dead-load  stresses  are  to  be  found  firstassuming  the 
bridge  swinging  free  of  the  supports.  The  dead  load  will  be  assumed 
as  divided  between  the  bottom-chord  and  top-chord  panel  points; 
\  of  19,125  =  6375  at  each  upper-chord  panel  point,  and  \  of  19,125 
=  12,750  pounds  at  each  of  the  bottom-chord  panel  points.     The 
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stresses  can  be  determined  algebraically  as  in  the  cantilever  beam. 
Fig.  360,  or  more  readily  by  the  graphical  method  as  shown  in  Fig- 
371  (a).  Lay  off  the  line  of  loads  QQ',  dividing  it  into  equal  di?i<- 
sions,  each  representing  W,  a  panel  load  to  any  desired  scale.  As 
fir  acts  at  the  lower-chord  panel  points,  transfer  to  the  pamllel 
line  (to  QQ')  divisions/,  e,  d,  c,  bA  equal  to  ^W.  These  will  rep- 
resent the  lower-chord  panel  loads.  Then  lay  off  B,  C,  D,  E,  Fy 
and  G  equal  to  \  IF.  These  represent  the  upper-chord  panel  loads 
due  to  weight  of  truss.  Only  \  of  i^T  rests  at  G  from  the  weight 
of  the  left-hand  span.  The  diagram  is  then  constructed  as  follows: 
Taking  the- free  end  of  the  truss  A^  the  force  A  and  the  stiesses  in 
AB  and  Ah  are  the  only  acting  forces.  The  little  triangle  con- 
structed on  the  force  A  and  numbered  1,  2,  3  in  diagram  (a)  is  the 
stress  polygon  for  the  joint  J,  and  as  A  acts  downward,  2,3,  the 
stress  on  Ah,  acts  inward  on  it  towards  A,  hence  compression  in  Ah^ 
3,1  represents  the  stress  on  ABy  and  acting  outwards  from  A  ia 
tension. 

Taking  the  joint  B^  the  acting  forces  are  the  stresses  in  ABy 
Bhy  and  BC,  and  the  load  ^W.  Taking  division  B  in  diagram  (a), 
tlie  four-sided  figure  1,4,5,3  is  the  stress  polygon.  4,1  acts  down- 
ward =  i  \V\  1,3  to  the  left  and  outward  from  By  hence  tension  on 
A  By  as  before  found;  3,5  acts  upwards,  that  is,  inward  on  Bh 
towards  By  hence  compression  in  Bb\  and  5,4  to  the  right,  that  is,, 
outward  on  BC  from  5,  hence  tension  on  BO.  Then  for  the  joint 
b  we  have  the  load  flF;  stress  in  Ah,  be,  and  Bb.  The  stress  poly- 
gon is  2,6,7,5,3,2,  showing  tension  in  Ab,  be  and  bC,  and  compres- 
sion in  Bb, 

For  the  joint  0  the  stress  polygon  is  4,9,8,7,5,4,  and  similarly 
for  other  joints.  To  check  the  accuracy  of  this  diagram,  find  the 
stress  in  the  lower-chord  panel y^  by  moments.  For  this  panel  the 
centre  or  axis  of  moments  is  G',  the  lever-arm  is  Gg  =  39.0  feet. 
The  loads  are  f  IFat  A,  with  lever-arm  Ag  =  Z  =  135  feet;  and  the 
resultant  at  B  and  b,  C  and  c,  etc.,  to  those  at  G  and  .^  =  5  IT,* with 
lever-arm  from  middle  of  de  to  ^  =  2^  panels  =  56.25  feet.  Then^ 
for  compression  infg  =  T, 

TX  39  =  f  irx  135  +  5  If  X  56.25 

=  f  X  19,125  X  135  +  5  X  19,125  X  56.25. 

F  =^  184,300  pounds,  compression.  This  should  agree  with  the 
length  of  the  line/r/,  diagram  (a),  reduced  to  pounds,  according  to 
the  scale  used  for  the  line  of  loads  QQ\ 
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Case  2. — Considering,  next,  the  bridge  closed  with  ends  raised, 
so  that  it  becomes  a  continuous  truss  over  three  supports,  and  dead 
load  only  acting,  the  loads  at  A  and  N  resting  on  the  points  of 
support  need  not  be  considered.  For  this  condition  a  stress  dia- 
gram can  be  readily  constructed  or  the  stresses  determined  by 
moments. 

For  the  reaction  at  A  the  loads  at  J,  c,  d,  e,  and /give  positive 

reactions,  and  the  loads  at  A,  t,  A?,  Z,  and  in  give  negative  reactions. 

The  difference  between  these  two  give  the  final  reaction.    Substi- 

W 
tuting  first  in  equation  (574),  R  =-~(4  —  5*  -f  i'),  we  find,  after 

a       12   3  4  5 

making  W^  =  19,125  pounds  and  A  =  y  =  -,  ^,  -,  -,  and  -  succes- 
sively, for  the  load  at  ft,  c,  d,  e,  ^nd  /  the  sum  of  the  positive  reac- 
tions : 

Load  at  6,  *=i,  =  -J(4-5*+*')=i^(4-5xiX  (i)')  =  15,186 

«  '*  c,  k=i =  11,333 

«  "  d,k=i =    7,769 

''  «  eyk=i =    4,595 

«  «/,*=! =    1,970 

Sum  of  positive  reactions  at  ^ 40,853 

For  negative  reactions  from  loads  at  h,  t,  k,  I,  and  m: 
Substitute  in  equation  (374)  i?,  =  -  -^(k  -  A:*); 

^      ,      ,    ,       .            19125/5       /5V\  ,ono 

Load  at  A,  a:  =  f  = j — I  ^  ^  \q)  ) =  ~  i^^ 

«  t,*  =  J =  -1771 

''  k,k  =  i =  -1793 

hk  =  i =  -1417 

m,A;=l =  —    775 

•  6,964 

Final  reaction  at  -4 33,889 

Having  now  the  reaction  at  ^,  we  can  find  the  stresses  in  the 
members  either  graphically  or  algebraically. 

To  find  by  moments  the  stress  in  fg :  The  centre  of  moments  is 
O;  lever-arm  of  the  stress,  Og  =  ^9;  of  the  reaction  Ag  =  1^^5; 
and  of  the  resultant  of  the  five  loads  at  S,  r,  dy  e,  S  =  iAg  =  6T.5. 
Then  stress  in /^=(33,889Xl35-5xl9,125x67.5)  -r- 39  =  48,197 
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pounds.  To  determine  the  kind  of  stress,  if  we  conceive  a  plane  to 
<;ut  the  truss  just  to  the  left  of  Gg,  intersecting  the  members 
FQyfGy  SLndfg,  and  moments  to  be  taken  about  0,  the  stress  in  fg 
must  have  such  a  direction  that  its  moment  has  the  same  sign  as 
tlie  least  of  the  remaining  moments,  namely,  of  i?,  and  2  IT, ,  with 
respect  to  G,  in  the  case  taken  is  jB,  x  135,  which  is  positive  or 
right-handed  with  respect  to  G;  therefore  the  stress  in^^  must  act 
towards  the  left,  or  inwards  towards/.  Hence  it  is  compression. 
For  the. stress  in  FG,  centre  of  moments  is  at  /,  its  lever-arm  is 

^7  =Ffco8a  =  Fj^  =  36.8  X  ^.    Then  stress  in  FG  X  x'f 
•^  •  ''  EF  22.6  ^ 

^R^XAf-2W,X  iAf,     Stress  in  FG  =  (33,889  X  112.5  -  4  X 

1 9,125  X  56.25)  -4-  36.8  X  ^^.   Hence  stress  in  FG  =  18,850  pounds, 

^nd  as  it  must  have  a  moment  right-handed^  as  B^Af  is  right- 
handed  and  less  than  2W  X  iAf  with  respect  to  /,  it  must  act  on 
FG  outwards  from  F;  that  is,  it  is  a  tensile  stress. 

The  stress  in  the  web  member  /(?  can  be  found  by  prolonging 
F'G  emd/g  to  intersection  at  some  point  on  the  left;  then  find  the 
perpendicular  from  fG  prolonged  to  this  point.  It  will  be  the 
lever-arm  of  the  stress  in  fG.  In  Fig.  371  {b),  FG  and  fg  have 
been  prolonged  to  intersection  at  0;  the  perpendicular  00'  is  the 
lever-arm  of  the  stress  in  fG;  OA  the  lever-arm  of  iJ, ,  and  Od  the 
lever-arm  of  the  five  loads  from  b  to/.  Intersecting  the  truss  with 
the  vertical  plane  cc',  and  taking  moments  about  0,  we  have 

2fJf  =  5W,X  Od-R,X  OA-  stress  in  Gf  X  00'  =  0.  (577) 

To  find  Ody  OA,  and  00',  we  have 

Ff:  Bb  ::  Ofx  Ob  or  0/-  ft/;    /.  0/=  ^^3^. 

Substituting  values,  0/=  ^^^  _  ^  =  387.727,  or  387.73  nearly. 

Then  OA  =  387.73  -  112.5  =  275.23,  and  Od  =  275.23  -f-  67.5 
=  342.73;    00'  =  Of  sin  (90  -  a),  or  cos  a,  =  Ofi\  =  336;  and 

1      A«j.     J.'  •  /erwrv\       a  •        /^^         D  rr,  X  «*4/C.7o  —  xt    X  275,23 

«ubBtitutmg  in  eq.  (577),  stress  m  ff/=  — * ^^^ — ' 

ooo 

5  X  19125  X  342.73  -  33889  X  275.23   ^^  ^^, 
= gog =  69,781  pounds. 
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This  stress  is  evidently  tension^  since  its  moment  must  be  of  the 
same  kind  as  the  least  of  the  other  two;  that  is^  of  B^,  which  is 
left-handed  about  0. 

As  seen^  this  method  is  long  and  troublesome^  and  it  is  therefore 
better  to  find  the  stress  in  the  web  members  either  by  diagram,  or 
by  noting  that  in  any  panel  the  vertical  component  of  the  stress  in 
any  diagonal  is  equal  to  the  shear  in  the  panel  either  increased  or 
diminished  by  the  vertical  component  of  the  stress  in  the  iucUned 
chord  segment  in  the  same  panel. 

The  stress  in  FO  has  been  found  to  be  18,850  pounds;  its  ver- 

Ff)  2  ^^ 

tical  component  is   F  =  18,850  X  —^  =  18,850  X  ^  =  182S 

pounds.  The  shear  in  the  panel  =  jB^  —  5  FTj  =  —  95,625;  hence 
the  vertical  component  of  the  stress  in  Of  =  95,625  —  1828  = 
59,908  pounds,  and  the  stress  itself  =  59,908  X  fi  =  69,125  pounds 
tension, — practically  the  same  as  found  by  moments. 

The  stresses  in  the  verticals  could  be  found  by  moments,  as 
readily  seen  from  Fig.  371  (&),  using  the  lever-arms  Of  or  Og^  or 
any  other  distances  from  0.  For  instance,  changing  the  position 
of  the  cutting-plane  to  c^c,,  then  4  W^  X  OZ  — i?,  X  OA  —  stress 
in  Ff  X  Of  =  0.  From  which  stress  in  Ff  can  be  easily  deter- 
mined, which  is  compression,  as  it  must  act  upwards  towards  F 
on  Ff 

If  this  process  is  applied  to  all  members,  it  will  be  found  that 
BCf  CD,  DE,  ^'i^will  be  under  compression,  and,  as  shown  above, 
FG  under  tension,  for  the  top  chord;  and  that  db,  be,  cd,  and  de  of 
the  bottom  chord  under  tension,  while  ef  a,ndfg,  as  shown  above,  ai^e 
under  compression. 

Of  the  web  members  J C will  not  act;  Ba  will  be  under  compres- 
sion; Be,  cD,  dE,  eF,  fO  will  be  under  tension;  Cd  not  acting. 
Of  the  verticals  Bb  will  be  under  tension.  All  other  verticals  will 
be  under  compression. 

The  conditions  in  this  Case  2  are  that  the  ends  are  raised  and 
the  truss  is  in  the  condition  of  a  continuous  girder  over  three  points 
of  support,  while  in  the  preceding.  Case  1  the  ends  were  assumed  to 
be  swinging  free,  or  the  bridge  open.  For  this  condition  the 
sti:esses  are  found  in  Fig.  371  (a),  and  as  shown  the  entire  top 
chord  was  under  tension,  and  entire  bottom  chord  under  compres- 
sion. All  acting  diagonals,  which  are  those  sloping  upwards  to- 
wards the  centre  support,  were  under  tension,  and  all  verticals 
under  compression.    Be  and  Cd,  sloping  downwards,  do  not  act 
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DETERMINATION   OF  STRESSES  DUE  TO   LIVE  LOADS. 

992.  Two  cases  will  be  considered:  (3)  when  the  live  load  is 
only  on  one  span^  for  maximum  compression  in  upper  chord  and 
maximum  tension  in  lower  chord:  also  for  maximum  web  stress 
from  the  end  towards  the  centre.  (4)  When  the  live  load  is  on  both 
arms  or  spans,  for  maximum  tension  in  upper  chord  and  maximum 
compression  in  lower  chord;  also  for  maximum  web  stresses  from 
the  centre  towards  the  end. 

Ca^e  3. — It  was  seen  in  paragraph  987  that,  for  a  strictly  accu- 
rate analysis  of  stresses  due  to  live  loads,  it  would  be  necessary  to  find 
for  each  condition  of  loading  the  point  of  zero  moment,  and  to 
obtain  maximum  stresses  only  those  panel  points  to  the  left  of  this 
point  should  be  loaded;  but  that  for  practical  purposes  this  was  not 
necessary,  and  that  for  maximum  compression  in  the  upper  chord 
;and  maximum  tension  in  the  lower  chord  it  is  only  necessary  to 
assume  the  first  span  fully  loaded.  This  condition  will  be  assumed. 
The  reactions  are  to  be  found  by  the  use  of  eqs.  (574)  for  i?^,  7?,, 
and  R^  precisely  in  the  same  manner  as  was  done  in  Case  2.  The 
successive  values  of  h  are  the  same;  the  panel  loads  or  W^  are  now, 
ior  h  ^\y  one  panel  weight  of  uniform  load  and  one  excess  load  at 
b  =  33,750  +  10,000  =  43,750  pounds;  f or  *  =  |  =  33,750  pounds 
»t  c\  for  i  =  i  or  J  =  43,750  pounds  at  d\  for  )5?  =  f  or  \  =  33,750 
pounds  at  e;  and  for  i  =  |  =  33,750  pounds  at/.    Substituting  these 

values  in  R,  =  ^(4  -  5^  +  ^'):   then   R^  =  31,761  +  20,003  + 

16,249  +  8110  +  3477  =  79,600  pounds. 

There  is  no  negative  reaction  at  A  to  deduct  from  the  above,  as 
In  Case  2,  for  dead  load,  since  there  is  no  live  load  on  the  second 
^pan.  But  there  is  a  negative  reaction  at  the  right-hand  support 
N  (see  Fig.  371),  and  unless  held  down  that  end  will  lift  if  not 
already  sufficiently  raised.    This  value  of  R^  can  be  found  by  sub- 

iBtituting  in  7?.  =r  -  ^(*  -  *').• 

i2,  =  -  (2527  +  3126  +  3750  +  2501  +  1368)  =  -  13,272  pounds. 

Having  now  the  end  reactions,  the  reaction  at  the  pivot  pier  can 
be  found  from  2F,  that  is,  vertical  forces  equal  to  zero. 

Having  the  reaction  iZ,  at  Ay  we  can  now  find  the  stresses  in  the 
warious  members  in  the  same  manner  as  was  adopted  in  Case  2  for 
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dead  loads.  It  was^  however^  stated  that  when  the  lire  load  on  one 
span  lifted  the  other  span  from  its  end  support  the  first  span 
should  be  considered  as  an  independent  span^  in  which  case  it  is 
evident  that  the  stress  in  fg  will  be  zero.  It  will  then  be  found 
that  all  members  of  the  top  chord  will  be  in  compression^  and 
of  the  bottom  chord  in  tension.  The  stress  in  e/,  for  instance,  i* 
found  by  moments  as  follows :  The  forces  are  the  stresses  in  ef;  tbe 
reaction  R^ ;  the  uniform  load  4  W  at  the  points  by  c,  dy  and  e,  and 
the  excess  loads  at  h  and  d.  Then  5'Jf  =  ^,  x  4/"  —  4  »f  x  2^ 
panels  —  excess  at  b  X  bf—  excess  at  d  X  df—  stress  in  ef  X  /F 
=  0,  centre  of  moments  at  F.  R,  =  79,600;  Af=  112.5  feet;  If 
=  33,750;  2^  panels  =  56.25  feet;  excess  =  10^000;  ft/=  90;  and 
fl[/*  =  45  feet;  /F=  36.8  feet.  Substituting  and  reducing,  stress 
in  ef  =  (8,955,000  -  8,943,750)  -r-  36.8  =  336  pounds  tension. 

If,  however,  the  engine  is  headed  towards  the  right,  placing  the 
excess  loads  at  d  and/,  the  reaction  R^  will  be  75,083  pounds,  only 
the  excess  at  d  will  have  a  moment  about  F,  and  stress  in  6/*  = 
(8,446,725  —  8,043,756)  4-  36.8  =  10,950  pounds  tension;  and  since- 
ef  is  under  compression  for  dead  loads,  the  difference  if  tensile 
would  be  maximum  stress  of  this  kind  which  could  come  upon  it,, 
which  would  be  small.  In  the  same  manner  the  maximum  com* 
pressive  stress  in  FO  due  to  this  loading  can  be  determined  by 
taking  centre  of  moments  about/.  This  member  is  under  tensile 
stress  from  dead  loads;  its  maximum  compression  will  then  be  very 
small  under  any  condition. 

With  one  span  only  loaded,  but  few  of  the  web  members  will  be 

under  their  maximum  stresses  of  either  kind.    First,  because  the 

shear  in  any  panel  being  the  difference  between  the  reaction  R^ 

and  any  load  between  R^  and  the  panel  in  question,  such  panel 

points  should  not  be  loaded ;  and  second,  because  in  some  of  the 

the  web  members  the  maximum  stress  occurs  when  both  spans  are 

either  fully  or  partially  loaded.     With  the  first  span  Ag  fully 

loaded,  the  end  post  AB  has  its  maximum  compression,  since  this 

is  equal  maximum  reaction  R^  at  A  multiplied  by  AB  -?-  Bb.   Any 

load  in  the  second  span  would  give  a  negative  reaction  at  ^,  thereby 

diminishing  R^.    The    maximum   compression,  then,  in  AB  =^ 

AB  35  9 

7?,  X  -gT-  =  79,600  X  -^  =  102,060  pounds.    The  reaction  due  to 

35  9 
dead  load  under  Case  2  is  33,889  pounds;  then  33,889  X-7^=43,45a 
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pounds,  which  being  also  compression,  the  ultimate  maximum  com* 
pressive  stress  in  AB  =  102,060  +  43,450  =  145,510  pounds. 

The  maximum  tension  in  Bb  is  one  panel  weight  of  live  load 
=  40,000  pounds  +  bottom-chord  panel  weight  of  dead  load  = 
12,750  pounds  =  52,750  pounds. 

For  maximum  tension  in  Be  the  point  b  should  not  be  loaded^ 
and  the  excess  loads  should  be  placed  at  c  and  e.  The  reaction  /2^ 
should  be  found  for  loads  at  c,  d,  e,  and  /,  with  excess  at  c  and  e^ 
The  reaction  is  the  shear  in  the  panel  be.  This,  minus  the  verti- 
cal component  of  the  stress  in  BC,  will  give  the  yertical  component 

Be 

of  the  stress  in  Be,  which,  multiplied  by  the  length  -7.-T,  gives  the 

tension  in  Be, 

For  maximum  tension  in  Cd  neither  of  the  panel  points  b  and  c 
should  be  loaded,  only  the  points  d,  e,  and  /,  with  excess  at  d  and 
/;  for  which  position  of  the  load  a  new  reaction  should  be  found; 
then  tension  in  Cd  and  corresponding  compression  in  Cc.  As  no 
other^web  members  have  maximum  compression  when  live  load  is 
only  on  a  part  or  the  whole  of  the  first  span,  it  is  not  necessary  to 
consider  them  for  this  loading. 

Case  4. — The  condition  of  loading  considered  in  this  case  con- 
templates two  trains  on  the  bridge  at  the  same  time,  and,  in  ad- 
dition^  that  the  ends  are  insufficiently  raised.  Assume  a  load  of 
uniform  intensity  covering  the  second  span,  and  a  train,  entering 
the  first  span  from  the  left,  headed  by  engines  and  advancing  until 
the  whole  bridge  is  covered.  The  maximum  negative  shears  will 
then  occur  at  the  head  of  the  train,  giving  also  maximum  web 
stresses.  When  the  second  span  is  fully  loaded  with  a  uniform 
load  of  33,750  pounds  per  panel,  the  result  will  be  to  raise  the  end 

W' 
A,    Substituting  in  eq.  (574),  R^ ,  now  i?^  =  —  — (jfc  —  i*),  giving: 

the  successive  values  to  i  —  ^,  f,  etc.;  and  W  =  33,750  pounds- 
Then  R,^  -  (1367  +  2500  +  3164  +  3125  +  2148)  =  -  12,304 
pounds,  which  simply  means  that  a  load  resting  at  A  of  12,304 
pounds  is  necessary  to  hold  the  end  down.  Any  load,  such  as  a 
panel  weight  at  the  head  of  the  train  =  43,750  pounds,  will  be  ex- 
erted to  the  above  value  in  holding  the  end  down,  and  the  remainder 
supported  by  the  end  pier  directly.    The  maximum  stress,  then,  of 

tension  in  AB  will  be  12,304  X  ^(=  ^)  =  15,776    pounds 

tension. 
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The  compression  in  Bh,  if  both  chords  were  horizontal,  wonld 
simply  be  the  reaction  i2,;  but  since  the  chord  panel  ^C  is  sloping 
upwards  towards  the  right  and  nnder  tension,  it  gives  an  npward 
component,  thereby  reducing  the  compression  in  Bh, 

The  tension  in  BC,  taking  moments  about  &,  is  =  —  12,304X 

'^  =  -  12,304  X  22.5  X  ^^      "    ,  =  -  9931.     The    verti- 


Bh  cos  a  '  28X22.5 

2  2 

cal  component  of  this  is  9931  X  ^^  =  975,  and  the  resultant  com- 

pre«sion  in  Bb  =  12,304  ~  967  =  -  11,337  pounds. 

The  same  result  can  be  obtained  directly,  instead  of  first  finding 
the  stress  in  BC  and  then  its  vertical  component,  by  simply  multi- 
plying the  entire  reaction  by  the  length  of  the  vertical  less  the  rise 
per  panel  of  top  chord  divided  by  the  length  of  the  vertical:  that 

2g 2  2 

is,  12,304  X  —  =  +  11,337  pounds,  compression  in  Bh,  the 

-CO  , 

same  as  already  found,  namely,  11,337  pounds. 

For  maximum  tension  in  diagonal  bC,  second  span  fully  loaded, 
head  of  train  at  b;  hence  43,750  at  b.    For  this  load 

R,  =  -^(4  ~  5*  +  *•)  =  Ai|im(4  - 1  +  (i/6)»)  =  -f  34,802  ponnds, 

reaction  at  A.  The  negative  reaction  at  A  from  load  on  second 
span  same  as  before  =  —  12,304  pounds;  hence  resultant  reaction 
at  ^  =  +  34,802  —  12,304  =  +  22,498  pounds.  The  shear  in  the 
panel  bC  =  22,498  -  43,750  =  -  21,252  pounds,  to  whieli  we  iLiret 
add  the  vertical  component  of  the  stress  in  BC  from  this  loadiiig; 
Vertical  component  of  stress  in 

22  6  2  2 

B0  =  22,948  X  22.5  X  23-3^  5  ><  2^^  =  ^"^'^  pounds; 

the  vertical  component  of  stress  in   bC  =  —  (21,252+1767)  = 

bC  i     35  9\ 

—  23,019;  the  stress  itself   in  bC  —  —  23,019  X  -^  ^=  ^^j  = 

—  27,695  pounds  tension;  and  for  maximum  compression  in  ft 
follow  same  rule  as  for  Bb.    Then  compresssion  in 

Cc  =  27,695  X  — ^2T^   ^  +  ^^'^" '  Pounds. 

For  maximum  tension  in  cD  and  compression  in  Dd:  head  of 
train  at  c,  43,750  pounds  at  c,  30,000  at  b.    Find,  then,  reaction, 
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shears.,  and  stress  as  above.  For  maximum  dEy  and  compression 
in  Ec:  head  of  train  at  dy  43^750  pounds  at  d,  30,000  at  c,  and 
43,750  at  h;  and  proceed  in  this  manner  until  the  train  reaches  from 
A  to  fy  tho  second  span  being  fully  loaded  in  all  cases. 

For  maximum  chord  stresses,  the  one  position  of  the  load  cov- 
ering both  spans  is  all  that  is  practically  necessary  to  consider. 
This  loading  causes  stresses  of  the  same  kind  in  all  chord  members, 
as  was  found  in  the  case  of  the  truss  swinging  freely  and  under  the 
action  of  its  own  weight  alone. 

Four  cases  have  now  been  considered :  Gases  I  and  2,  dead  load 
only  acting;  Case  1,  bridge  open  or  closed  without  resting  on  end 
supports;  Case  2^  ends  raised,  the  bridge  then  in  the  condition  of  a 
^continuous  girder  over  three  supports;  and  two  cases  of  live  loads; 
Case  3,  live  load  on  one  span  only,  in  positions  for  maximum  stresses 
in  chords  and  webs;  Case  4,  live  loads  on  both  arms  or  spans,  in 
positions  for  maximum  stresses  in  chords  and  web. 

Case  3  must  be  combined  with  Cases  1  and  2  in  order  to  find 
maximum  compressive  and  tensile  stresses,  and  the  same  combina- 
tions must  be  made  for  Case  4.  The  methods  of  determining  stresses 
in  each  of  the  members  has  been  clearly  indicated  for  each  case  both 
in  kind  and  magnitude.  For  convenience  of  reference  the  follow- 
ing table,  showing  kinds  of  stress,  and  ultimate  maximum  of  both 
kinds  is  given;  —  sign  tension,  +  sig^^  compression: 

Tablb  LXXIX. 

Dead  Load.  Lite  Load. 

'Chords.     Web.     Chords.  Web.  Chords.         Web.     Chords.  Web. 

-J?(7     ^AB    +B0         +AB         -^BO        -\-AB    -BC         -AB 
--CD    -bO     +CD    ^^^hC  -fC2>    ^l)^bC      --CD         -^bC 

—DB  —cD  +DE  ^cD  +DB  **    cD  -^DE  ^cD 

"BF  -dB  -{-EF  ^dE  +EF  "    dE  -EF  --dS 

--FG  -«/  -FQ  --eF  +F0  "    eF  -FG  -eF 

-{-Ab  -^fQ  -Ab  SQ  ^Ab  "    fQ  -^Ab  ^fQ 

-fftc       -fi»      ^bc  -Be  -6c  -Be     +be      ^i  Be 

H-«i      +Cc     -cd  -Bb  -ed  -Gd     +ed        "     Cd 

-+de      +I)d     -de  +Cc  -de  -Bb     +de  -\-Bb 

^rf      4-ife      +ef  +Dd  -tf  +Ce     +if      ^^l,  Ce 

H-/I7       +J?r     +fg  +Be     ^^}gjg      ^^iDd    +fg  +Dd 

+0g  +Ff  "    Be  +Ee 

not  acting.  +0g  **     Ff  +Ff 

J^ChndCd  not  aclinic,  '*     Og  4<^ 


bO  tiiid  Cd 


1194  BIH-BEARING  TUBNTABLES. 


For  ultimate  maximum  compression  in  BCy  combine  Cases  2  and 
3  =  -j-BC-^BC  for  the  two  cases.  For  maximum  tension  in  B(? 
combine  Gases  1  and  4,  --  —  BC^  —  BC,  after  finding  numerical 
values  for  BC  under  the  two  conditions  of  dead  and  live  load;  and 
similarly  for  other  members.  Those  members  which  have  both  a 
maximum  for  tension  and  compression  must  be  proportioned  an<] 
connected  so  as  to  resist  both  when  called  upon.  All  of  the  chord 
members  may  have  to  resist  both  tension  and  compression,  as  will 
also  the  web  members  AB  and  Bb.  The  web  members  Cc,  Dd,  £e, 
Ff,  and  Og,  are  under  compression  from  ail  loads^  and  should  be 
proportioned  by  the  total  stress  from  these  two  cases  for  dead  and 
live  load  giving  the  greatest  total.  Members  bC,  cDj  dEy  eF^fGy, 
Be,  and  Gd  are  under  tension  from  all  loads^  and  should  be  propor- 
tioned and  connected  accordingly. 

RIM-BEABING  TUBNTABLE. 

993.  In  the  rim-bearing  swing-bridges,  instead  of  the  entire 
dead  load  when  swinging  being  carried  on  a  vertical  pin  or  pivot 
as  for  a  centre-bearing,  the  entire  dead  load  is  supported  on  a  cir- 
cular girder  called  a  drum,  which  in  turning  moves  upon  roUers; 
or  these  two  conditions  may  be  combined,  so  as  to  make  the  bridge 
partly  rim-bearing  and  partly  centre-bearing.  In  general,  plate- 
girder  swing-bridges  are  centre-bearing,  and  truss  bridges  are  rim- 
bearing,  or  rim-bearing  and  centre-bearing  combined. 

The  rim-bearing  swing-bridges  may  have  three  or  four  supports. 
When  the  ends  are  raised  so  that  the  truss  becomes  a  continuous 
girder  over  four  supports,  the  reactions  must  be  determined  as 
for  a  girder  continuous  over  four  points  of  support  for  dead  io:id 
only;  the  reactions  being  found,  the  stresses  are  found  as  in  the 
preceding  case.  But  it  is  difficult  to  compute  the  live-load  stresses. 
A  common  practice  is  to  make  the  computation  of  stresses  on  the 
assumption  that  the  middle  space  (the  one  over  the  turntable, 
which  is  short)  is  zero,  which  reduces  the  truss  to  the  condition  of 
two  spans  with  single  centre  bearing.  The  discussion  is  then  the 
same  as  already  given.  Where  four  supports  are  used,  each  truss  is 
usually  supported  by  two  links  connected  to  the  top  of  a  rigid  frame 
resting  on  the  centre  pier,  so  that  no  shear  can  be  transmitted  across 
the  centre  span  or  panel,  causing  equal  moments  at  the  two  centre 
supports,  thereby  simplifying  the  determination  of  stresses;  or,  if 
the  two  trusses  or  spans  are  carried  by  a  single  link  to  a  rigid  frame,, 
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there  will  be  only  three  points  of  support — in  which  the  analysis  is. 
the  same  as  for  a  simple  two-span  bridge.  Many  other  devices  have 
been  suggested,  so  that  the  bridge  may  be  made  continuous  when 
being  opened,  and  be  two  simple  spans  when  closed.  Dead-load 
stresses  are  then  computed,  as  already  explained,  for  the  condition 
of  two  overhanging  or  cantilever  arms  when  open;  and  when 
closed  both  dead  and  live  load  stresses  are  computed  as  for  two  in- 
dependent and  simple  spans. 

994.  In  all  cases  of  swing-bridges  a  constant  moment  of  inertia 
of  cross-section  has  been  assumed.  Although  this  assumption  is  not 
true,  it  is  an  error  on  the  safe  side,  and  is  the  only  one  practicable 
in  computing  stresses. 

For  complete  discussions  of  swing-bridges  in  all  their  conditions, 
of  loading  and  supporting,  see  Burr,  Dubois,  and  Johnson. 

GENERAL  REMARKS  ON  THE  SELECTION  OP  BRIDGE  DESIGNS. 

995.  While  the  several  questions  of  first  cost,  cost  of  mainte- 
nance, comparative  durability  of  material  used,  and,  finally,  safety 
in  case  of  accident,  such  as  a  derailment  of  a  train,  are  of  great  im- 
portance, the  question  of  first  cost  is  to  a  great  extent  the  control- 
ling factor  in  selecting  any  particular  design — this  including  not 
only  cost  of  material  and  manufacture,  but  also  cost  and  safety  of 
transportation,  and  that  of  erection  as  determined  by  the  local  con- 
ditions at  the  site  of  the  bridge,  such  as  height  of  structure  above^ 
water  surface,  depth  of  water,  rapidity  of  current,  character  of  ma- 
terial of  the  bed  of  the  river,  etc. ;  these  latter  mainly  determining,, 
however,  the  general  design  as  a  choice  between  a  simple  trussed 
bridge  or  a  cantilever  bridge. 

The  following  remarks  are  intended  to  apply  principally  to  such 
questions  as  the  selection  of  through  or  deck  bridges  considered  as 
a  whole,  involving  the  quantities  of  matenal  in  superstructure  and 
in  masonry  or  substructure,  the  selection  of  plate  or  trussed  gird- 
ers, and  in  the  latter  riveted  or  pin  connections. 

996.  Deck-bridges  are  usually  the  cheapest  in  first  cost,  owing 
mainly  to  a  decrease  in  the  height  and  cost  of  the  masonry  or  other 
material  in  the  piers.  For  short  spans  there  may  be  some  saving  of 
iron  and  steel  in  the  trusses,  as  these  may  be  placed  closer  together 
than  in  throughnspans  of  the  same  length,  thereby  reducing  the» 
length  of  the  iron  floor-beams,  or  practically  dispensing  with  the  iron, 
iloor  system  by  supporting  the  cross-ties  directly  on  the  top  chords* 
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997.  When  the  total  length  of  bridge  is  great,  it  becomes  an  im- 
portant question  to  determine  whether  a  few  long  spans  or  many 
short  spans  would  be  economical.  This  question  merely  resolves 
itself  into  a  comparison  of  the  total  cost  of  a  number  of  short  spans 
and  many  piers,  or  that  of  long  spans  and  correspondingly  reduced 
number  of  piers. 

The  following  formula  gives  a  close  approximation  to  the  weight 
of  iron  in  a  single-track  pin-connected  span: 

W=al*  +  kl (578) 

W  =  total  weight  of  iron  in  the  span;  a,  a  constant  =  5;  /  := 
length  of  span ;  k,  a  quantity  varying  with  the  assumed  live  load, 
and  constant  for  any  particular  live  load;  al^,  taken  together,  rep- 
resents the  weight  of  the  trusses,  and  kl  the  weight  of  tlie  floor  sys- 
tem. Bpth  a  and  k  really  should  vary  with  the  live  load,  but  it  is 
usual  to  make  a  =  5  and  k  =  350.  The  weight  per  linear  foot  of 
span  is 

w  =  ^-=6l  +  350 (579) 

"  This  does  not  include  cross-ties,  rails,  guard-rails,  etc.,  which 
for  the  two  trusses  is  taken  at  400  pounds  per  foot  of  track.  For 
any  given  span  the  total  weight  of  iron  can  be  found  from  eq.  (578), 
the  cost  of  which  can  be  determined  by  allowing  from  4  to  5  cents 
per  pound. 

In  spanning  a  river  1200  feet  wide  we  could  use,  say,  5  spans 
^40  feet  each,  or  3  spans  400  feet  each.  In  the  first  case  there 
would  be  required  2  abutments  and  4  piers;  in  the  latter,  2  abnt- 
ments  and  2  piers.  The  weight  of  iron  in  the  first  case  ir  = 
(5  X  (240)'  +  350  X  240)  multiplied  by  the  number  of  spans  (5). 

.-.    W=  1,860,00©  pounds; 
and  in  the  second 

W={5  X  (400)*  -f  350  X  400)  X  3  =  2,820,000  pounds; 

giving  a  difference  in  favor  of  the  shorter  spans  of  960,000  ponnds 
a,t  5  cents  =  $48,000;  and  unless  the  cost  of  the  two  additional  piers 
is  greater  than  this  sum  the  shorter  spans  would  be  more  econorni- 
caL  Formulae  have  been  given  to  make  this  comparison  by  a  single 
oalculation.  These  are  based  on  a  constant  or  equal  cost  for  each 
of  the  piers,  which  would  rarely  be  even  approximately  trne,  and 
the  results  of  such  computations  would  be  misleading.    With  ^v- 
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eral  borings  the  cost  of  foundations  and  masonry  can  be  calculated 
to  a  fair  degree  of  approximation^  and  with  but  little  labor^  by  re- 
ducing all  quantities  to  a  basis  of  cubic  yards^  and  the  iron  super- 
structure calculated  by  eq.  (578)^  proper  comparisons  can  be  made. 
998.  Designs  for  Bridges. — (1)  Plate  girders  arc  the  simplest 
in  design.  Defects  due  to  errors  in  calculating  stresses  and  in  faulty 
workmanship  are  to  a  great  extent  eliminated;  they  require  little 
attention,  except  repainting,  after  erection,  and,  finally,  are  the 
cheapest  for  spans  under  60.  feet. 

Weight  per  linear  foot  for  deck  girders,  w  =  9Z  +  110;    )    /Rr-oiY 
«         «      "         "      "   through  "       to  :^  Sil  +  300,  )    ^  '  *' 

for  the  usual  floor  systems.  For  solid  iron  floors  of  any  of  the 
usual  types,  trough-shaped  sections  built  of  plates  and  angles,  w  = 
10/  +  600. 

These  are  the  safest  and  most  rigid  forms  of  floor  system,  but 
are  expensive.  The  troughs  are  filled  with  concrete,  usually  bitumi- 
nous, and  covered  with  ballast  of  broken  stone  or  gravel. 

(2)  Riveted  truss-bridges  are  cheaper  than  other  forms  for  spans 
not  exceeding  80  to  100  feet  in  length.  They  are  often  considered 
stiffer  and  safer  than  pin- connected  trusses.  The  secondary  stresses 
developed  cause  these  trusses  to  be  less  satisfactory  than  pin-con- 
nected trusses.     These  are  built  up  of  plates  and  angles. 

(3)  Pin-connected  truss-bridges  are  usually  adopted  in  this 
country  for  spans  over  from  80  to  100  feet  in  length.  One  princi- 
pal advantage  is  the  freedom  from  secondary  stresses,  which  permits 
of  a  more  satisfactory  designing  and  proportioning  of  the  truss- 
members. 

The  single-intersection  truss  is  now  almost  exclusively  used  in 
pin-connected  truss-bridges.  The  iron  Pratt  truss,  with  tension 
diagonals  and  compression  verticals,  may  be  taken  as  the  standard 
truss  in  this  country.  It  is  simple  in  its  details,  and  has  proved 
more  satisfactory  than  any  other  type  for  short  spans,  though  some- 
what heavierand  more  costly  than  the  Warren  tru^s.  But  for  long 
spans,  as  modified  in  the  Petit  truss,  it  is  lighter  and  less  costly. 

The  Warren  or  triangular  truss  requires  less  material  in  its  con- 
struction than  the  Pratt  truss.  It  is  often  used  for  short  spans, 
especially  for  deck  spans.  An  objection  often  raised  to  the  Warren 
truss  is  on  account  of  the  continual  reversal  of  stresses  in  some  of 
the  web  members.  The  floor-beams  have  to  be  suspended  from  the- 
chord-pins,  or  special  verticals  have  to  be  introduced  at  each  panel 
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point  in  order  to  make  a  rigid  riveted  connection  for  the  floor- 
beams.  The  latter  method  increases  the  cost;  the  former  is  very 
objectionable.  There  are  no  adjustable  members  in  the  truss.  For 
i;hi8  reason  it  is  sometimes  used;  it  is  rarely  used  for  long  spans. 
The  Petit  truss  seems  to  be  the  one  more  commonly  used  for  long 
spans. 

The  Whipple  truss  consists  of  two  simple  Pratt  trusses  com- 
bined. It  is  often  called  a  double-intersection  Pratt  truss.  The 
stresses  are  determined  by  assuming  two  independent  trusses  or 
systems,  and  combining  the  resultant  stresses  in  the  chords  which 
are  common  to  both  systems.  For  railway  bridges  this  type  of  truss 
has  been  to  a  great  extent  abandoned,  and  the  Baltimore  or  Petit 
truss  is  now  preferred.  The  ambiguities  and  uncertainty  of  com- 
putations of  stresses  by  the  ordinary  methods  in  the  double-inter- 
section systems  has  led  to  the  adoption  of  the  other  types  men- 
tioned. These  ambiguities  exist  to  a  great  extent  when,  as  for  long 
spans,  economy  requires  the  curved  or  inclined  chord. 

LATERAL  TRUSSES  FOR  WIND   PRESSURE. 

999.  Lateral  pressure  upon  bridge  or  roof  trusses,  commonly 
•called  wind  pressure,  is  resisted  by  means  of  systems  of  braces  con- 
necting the  chords,  these  forming  two  horizontal  trusses.  In  roofs 
which  are  composed  of  a  number  of  parallel  trusses,  two  pairs,  one  at 
«ach  end,  are  thus  connected  tb  resist  wind  pressure.  The  remain- 
mg  and  intermediate  trusses  are  simply  braced  to  resist  buckling. 

The  lateral  systems  may  be  of  the  same  design  or  type  as  the 
vertical  trusses,  such  as  the  Pratt,  Howe,  or  Warren  truss.  As 
provision  must  be  made  to  resist  the  wind  pressure  from  either 
4irection,  both  sets  of  diagonals  will  be  required.  The  floor-beams 
are  used  for  the  transverse  membera  of  the  lower  lateral  system  in 
through-bridges,  and  for  the  upper  lateral  system  in  deck-bridges. 

1000.  Amount  and  Distribution  of  Pressure, — Several  differ- 
ent assumptions  are  made  as  to  the  amount  and  distribution  of  the 
pressure.  For  railway  bridges  from  30  to  60  pounds  per  square 
foot  is  assumed  for  the  unloaded  bridge,  the  surface  being  that 
actually  exposed  to  the  action  of  the  wind.  This  is  usually  taken 
tis  the  area  of  the  vertical  projection  of  the  floor  system  plus  twice 
the  vertical  projection  of  one  truss,  and  about  30  pounds  upon 
l)ridge  and  train  surface,  that  portion  on  the  train  surface 
being  treated  as  a  moving  load.    A  more  exact  and  definite  dis* 
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tribution  is  to  assume  a  nniform  pressure  of  150  pounds  per  lineal 
foot  on  the  unloaded  chords  and  450  pounds  per  lineal  foot  on  the 
loaded  chord,  of  which  300  pounds  are  considered  to  be  a  moving 
load.  It  is  then  only  necessary  to  find  the  panel-point  concentra- 
tions, and  find  the  chord  and  web  stress,  as  already  fully  explained 
for  a  vertical  truss  loaded  in  the  same  manner. 

For  the  unloaded  chords  the  pressure  may  be  divided  equally 
between  panel  points  on  the  windward  and  leeward  sides,  but  on 
the  loaded  chords  the  pressure  is  taken  as  concentrated  at  the 
windward  panel  points.  The  chords  of  the  bridge  being  chords 
for  both  vertical  and  lateral  trusses,  the  stresses  must  be  combined 
to  obtain  the  ultimate  maximum  of  either  kind,  and  it  may  occur 
that  the  stress  in  windward  lower  chord  may  be  reversed.  Where 
^  reversal  of  the  stress  takes  place  the  stringers  are  assumed  to  pro- 
Tide  the  requisite  resistance  to  buckling,  except  in  the  end  panels. 
These  must  then  be  counterbraced  in  order  to  resist  either  a  com- 
pressive or  tensile  stress. 

The  pressure  upon  the  upper  lateral  trusses  are  carried  by  them 
to  the  tops  of  the  end  posts  of  the  bridge,  and,  by  means  of  a  system 
of  bracing  between  end  posts  of  the  two  trusses,  over  a  pier  or 
abutment,  the  pressure  is  transferred  to  the  bottom  of  the  posts 
or  the  top  of  the  pier.  This  system  of  bracing  is  known  as  the 
portal  or  portal  bracing. 

Portal  Bracing. — A  common  form  of  portal  bracing  is  shown 
in  Fig.  372  {e).     AF  and  BE  beiilg  the  end  posts,  the  plane  of 
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BBAF  may  be  either  vertical  or  inclined.  Let  a  =  length  AF  of 
ond  post,  d  =  depth  of  portal  bracing  from  A  to  D.  Assuming 
the  wind  to  be  from  the  right,  one  half  of  the  pressure  on  the  inter- 
mediate panels  is  transferred  by  the  lateral  truss  to  the  point  A ; 
call  thi3  R>    In  addition  about  one  half  of  a  full  panel  weight 


w 


is  concentrated  at  each  of  the  points  A  and  B\  call  this  ^.    Then 
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there  is  acting  at  ^  a  pressure  =  /;?  +  -■  and  at  B  =  -.    Thesa 

extei*nal  forces  are  balanced  by  the  unknown  external  forces  acting 
in  the  plane  of  the  portal  at  the  lower  extremities  of  the  end  posts* 
These  may  be  taken  as  the  horizontal  and  vertical  forces  H^,  H^y 

211=  0  gives  /f.  +  ff,  _  (/Z  +  I  + 1)  =  0, 

II,  +  H,  =  Ii  +  w, 
:S!F  =  0  gives  F,  =  -  V,; 

and  taking  moments  abont  E  or  F. 

F,&  =  (E  +  to)a;    .:  F.  =  -  F,  =  (i?  +  w)^.  .    (581) 
Assuming  H,=H,,  then 

H,  =  H,  =  ^±^ (581J) 

Assuming  a  section  qq'  cutting  the  portal  bracing,  taking  cen- 
tre of  moments  at  Z>,  and  noting  that  with  tension  diagonals 
-4  C  will  not  be  in  action  with  wind  from  the  right,  only  three  act- 
ing members  being  intersected,  namely,  AB,  BD,  and  CDy  the 
only  acting  moment  about  D  is  the  stress  in  AB,     The  external 

forces  acting  on  the  portion  to  the  right  of  qq'  are  i2  +  -,  //,,ai)d 

\\.     Moment  of  V^  =  0.    Hence 

^M  =  compression  in  AB  x  d  —  [R  -\-  -^jd  —  HJja.  —  d)  =  0; 


(i2  +  |)rf  +  ^.(a-(?) 


Compression  in  AB  = j .  .    (58*2) 

Whether  R  -^  -^  will  be  found  at  A  or  B  depends  upon  the 

type  of  lateral  bracing  used.  With  tension  diagonals,  as  in  the  Pratt 
truss,  the  condition  assumed  above  is  right;  but  with  compres- 
sion diagonals,  as  in  Howe  truss,  the  compression  AB  would  be  less 
than  that  given  above  by  R,  as  can  be  readily  shown  by  snbsti- 

w  f         w\ 

tutiug  -^d  for  \R  +  --\d  in  the  above  equation. 

Taking  moments  now  about  B^  we  find 

2M  =  compression  in  CD  X  rf  —  H^a  +  F,J  —  0; 

^              .      .     ^^       VJb  —  Hji      iR  +  w)a        ..eo\ 
Compression  in  CB  :=  -^ — j — ^  =  ^^ ^7"^-  •    V^^^' 
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The  only  vertical  force  to  the  right  of  qq'  is  F,.  This,  theti^  is 
the  shear  at  that  section.    Hence 

d 
Tension  in  BD  =  \\  sec  or  =  (JB  +  w)r  sec  a.   ,     (584) 

The  force  F,  produces  a  uniform  compression  in  the  post  BE, 
and  the  force  F,  acting  downwards  reduces  the  compression  in  the 
post  AF  from  the  dead  and  live  loads  on  the  bridge — only  as  far 
up  as  the  point  i>,  however,  but  not  from  D  to  A. 

The  horizontal  forces  /T,  and  H^  produce  a  bending  stress  upon 
the  posts  AF  and  FB  as  far  up  as  the  points  D  and  0,  where  it 
becomes  a  maximum,  and 

=ir,(a  -  d)  =  :^^(a  -  d).       .     .     .     (585) 

The  effect  of  this  moment  is  to  increase  the  compressive  stress 
on  the  inner  side  of  the  leeward  post  FB,  As  this  post  is  also  under 
compression  from  dead  and  live  loads  and  also  from  the  force  F, , 
the  maximum  compression  is  the  sum  of  the  three,  and  it  should 
be  designed  to  resist  this  combined  stress.  The  other  post  is 
relieved  by  the  tensile  stress  caused  by  F,.  But  when  the  wind 
blows  from  the  left  this  post  AF  will  have  to  resist  the  combined 
stress.  Therefore  both  posts  should  be  designed  to  resist  the  same 
maximum  compression.  Similarly,  when  the  wind  blows  from  the 
left  BD  is  not  in  action,  but  AC  will  have  a  tensile  stress  equal  to 
that  found  for  BD. 

With  inclined  end  posts  the  forces,  represented  by  F^  and  F,  in 
the  preceding  case  and  acting  vertically,  must  be  decomposed  in  two 
components.  If  a  is  the  angle  of  inclination  to  the  vertical,  then 
for  F,  in  the  foregoing  equations  we  must  substitute  F,  cos  a. 
The  horizontal  component  T',  sin  a  acts  directly  on  the  lower 
chords,  and  increases  the  tension  already  existing;  whereas  F,  cos  a 
acts  inwards,  tending  to  produce  compression  in  the  lower  or  wind- 
ward chord,  and  in  any  event  reducing  the  tension  stress  already 
existing.  A  reversal  of  stress  often  occurs  in  the  end  panels  of 
the  windward  chord.  These  horizontal  components  are  uniform 
throughout  the  length  of  the  bridge. 

In  small  bridges,  owing  to  the  want  of  head-room,  simple  knee- 
braces  are  used,  as  shown  in  Pig.  372  (^•). 

Portals  with  Fixed  End  Posts. — In  the  preceding  discussion 
the  end  posts  have  been  considered  incapable  of  resisting  bending 
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Hioments  at  their  lower  extremities  F  and  F,  and  maximnm  bend- 
ing moments  and  stresses  in  posts  and  portal  have  been  found  as  if 
the  lower  segment  of  the  post  from  F  to  D  were  a  cantilever  beam. 
If,  however,  the  ends  F  and  D  are  so  anchored  as  to  fix  these 
points  in  position,  the  effect  is  to  reduce  greatly  the  bendiug 
fnoments  and  stresses;  and  as  the  upper  ends  may  be  taken  as  also 
£xed,  the  reactions  if  and  V  may  be  considered  as  applied  at  points 
half-way  between  E  and  C  or  F  and  D.  At  these  points  the 
moments  are  zero,  and  at  D  and  C  only  one  half  as  much  as  before 
determined,  as  the  lever-arm  is  changed  from  a  —  d  to  i{a  —  d). 

Sway-hracing. — In  deck-bridges,  as  shown  in  Fig.  3T2(5f), 
sway-bracing  is  placed  at  each  panel  point.  And  in  through- 
bridges,  when  the  depth  of  the  trusses  is  over  about  25  feet,  this 
bracing  is  sometimes  designed  to  carry  the  wind  pressure  from  one 
chord  to  the  other  at  each  panel  point,  in  which  case  but  one  lat- 
eral system  is  required.  This  bracing  is  similar  to  the  portal  bracing 
shown  in  Fig.  372  (e) ;  the  external  lateral  force  is  the  wind  press- 
are  on  one  panel,  the  portal  and  all  intermediate  sway-bracing  being 
subjected  to  the  same  loads;  the  resulting  vertical  reactions  act 
as  loads,  upward  or  downward  as  the  case  may  be,  upon  the  main 
trusses. 

In  addition  to  transferring  one  half  the  wind  pressure,  sway- 
bracing  prevents  lateral  vibration  and  swaying  of  the  vertiaii 
trusses,  stiffens  the  long  columns,  and  is  of  advantage  in  the  erec- 
tion. 

In  deck-bridges  and  deep  through-bridges  the  sway-bracing 
maintains  the  rectangular  shape  of  the  cross-section. 

In  deck-bridges  the  portal  bracing  is  as  shown  in  Fig.  372  {g). 
The  stresses  in  AB  and  FB  and  EFy  and  the  direct  stress  in  BE, 
are  found  as  already  explained.  There  is  no  bending  moment  in 
any  member,  nor  is  there  any  tension  m  AF, 

EXPANSION-BEARINGS  FOR  BRIDGE  SUPERSTRUCTITRES. 

1001.  When  a  structure  rests  on  practically  rigid  supports,  some 
provisions  for  its  change  in  length  arising  from  changes  in  tem- 
perature must  be  made.  The  three  devices  for  permitting  the  con- 
traction or  expansion  of  bridge  trusses  are  (1)  sliding-plates,  (2) 
rockers,  and  (3)  rollers 

The  first  is  the  simplest,  and  consists  essentially  of  a  metal  plate 
planed  to  a  smooth  surface  and  set  on  top  of  the  masonry  pier,  and 
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n  similar  smooth  surface  connected  to  the  bottom  of  the  end  post, 
bearing  and  sliding  upon  the  first  plate.  If  these  tmrfaces  can  be 
kept  lubricated  the  arrangement  acts  fairly  well.  It  is  still  em- 
ployed under  riveted  structures  of  moderate  length,  though  but 
little  used  for  long  spans. 

The  rocker  consists  simply  of  a  section  of  a  wheel,  the  weight 
resting  on  the  axle  and  the  wheel  rolling  on  its  circumference. 
The  great  weight  and  consequent  friction  on  the  axle  cause  more 
or  less  sliding,  which  works  the  bearing  gradually  to  one  edge  of 
the  section,  until  finally  the  rocker  falls  over.  This  device  is  now 
rarely  employed. 

Eollers  have  always  been  the  favorite  device.  The  top  bearing 
rolls  on  the  rollers  and  the  rollers  roll  on  the  bottom  bearing. 
Friction  is  or  can  be  practically  eliminated.  There  are  no  sliding 
•surfaces. 

The  sole  problem,  then,  is  to  devise  a  form  of  rollers  which  will 
always  roll.  The  function  which  an  expansion-joint  has  to  perform 
is  to  transfer  the  weight  of  the  superstructure,  whose  length  changes, 
to  a  fixed  substructure,  without  exer^ng  on  that  substructure  any 
other  than  a  purely  vertical  strain.  Horizontal  strains,  whether 
arising  from  changes  in  dimensions,  or  irregularities  of  bearings, 
should  be  entirely  eliminated. 

Formerly  a  nest  of  small  rollers  rested  on  a  flat  cast-iron  plate, 
and  the  planed  end  of  the  post,  usually  of  cast  iron,  rested  on  the 
rollers.  In  this  arrangement  it  was  diflScult  if  not  impracticable  to 
preserve  the  parallelism  of  the  rollers)  and  some  of  the  rollers  would 
be  greatly  overloaded.  This  design  has  been  abandoned,  the  more 
common  practice  being  to  transfer  the  load  through  bolsters  to  the 
rollers.  The  end  posts  of  the  bridge,  bearing  on  pins  which  are  sup- 
ported on  the  bolsters,  are  free  to  rock.  Formerly  both  cast-iron 
plates  and  cast-iron  rollers  were  used,  the  rollers  being  completely 
enclosed  between  the  plates.  In  this  arrangement  it  was  difficult 
to  keep  the  rollers  clean.  An  improvement  on  this  design  consisted 
in  cutting  a  series  of  parallel  grooves  or  dust-traps  in  the  bottom 
■cast-iron  plate,  which  permitted  of  cleaning  the  rollers.  The  later 
practice  has  been  to  use  for  the  bottom  or  wall  plate  a  thin  wrought- 
iron  plate,  planed  on  its  upper  surface,  and  stiffened  by  two  angle- 
irons,  which  also  acted  as  guides  for  the  rollers.  The  top  plate, 
which  forms  the  bottom  of  the  bolster,  was  also  fitted  with  angle- 
irons.  This  arrangement  completely  enclosed  the  rollers,  and  pre- 
~vented  proper  cleaning.     The  rollers  were  seldom  over  3  inches  in 
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diameter,  and  the  collection  of  a  little  dirt  around  them  caused 
considerable  friction^  and  in  addition  the  thin  bottom  plate,  when 
not  well  bedded  on  the  masonry^  would  be  indented,  locking  the 
rollers.  It  was  likewise  difficult  to  maintain  the  nest  of  rollers  in 
a  rectangular  form. 

The  remedy  for  the  above  defects  is  to  use  a  thicker  and  stiffer 
wall-plate,  and  to  increase  the  diameter  of  the  rollers.  The  use  of 
large  rollers  naturally  led  to  the  adoption  of  segmental  rollers;  that 
is,  the  rollers  are  planed  off  on  the  sides,  having  therefore  two  plane- 
or  flat  sides  and  curved  surfaces  top  and  bottom.  The  rollers  could 
thereby  be  placed  closer  together  on  centres.  The  main  objection 
to  these  rollers  arises  from  the  danger  of  tipping  over  if  moved 
farther  than  intended.  This  has  happened,  and  in  later  designs 
provisions  have  been  made  to  prevent  it. 

A  still  later  development  is  to  support  the  bottom  bearing-plate 
on  a  thick  wall-plate  of  cast-iron — the  bearing-plates  and  rollers 
made  of  steel.  These  plates  had  ribs  or  guides  fitting  into  groores 
in  the  rollers.  These  cast-iron  wall-plates  have  been  cast  with  ribs,, 
forming  a  series  of  rectangvplar  pockets,  which  were  filled  with 
cement  mortar. 

Mr.  Geo.  S.  Morison  has  designed  and  patented  many  devices 
for  meeting  the  objections  above  mentioned  to  the  use  of  the  small 
rollers  between  two  plates,  the  first  of  which  substitutes  for  the  bot- 
tom plate  upon  which  the  rollers  rest  a  series  of  T  rails  riveted  to  a 
thin  plate;  the  flanges  of  these  rails  are  planed  off  to  bevelled  sur- 
faces which  overlap,  bringing  the  heads  close  together.  This  com- 
posite plate  rests  on  a  large  wall-plate  casting.  The  rails  were 
planed  off  on  top.  The  middle  rail  projected  above  the  others* 
forming  a  gnide-rib  for  the  rollers  .The  dust  drops  .betweens  the 
I'ails,  and  can  be  removed  without  trouble. 

The  plate  above  forms  the  bottom  of  the  bolster  and  remains 
as  shown  in* Fig.  373,  in  its  general  construction,  consisting  essen- 
tially of  a  series  of  vertical  ribs  riveted  to  the  plate,  the  end  bearing- 
pin  resting  on  curved  grooves  cut  in  the  top  of  the  ribs. 

In  Fig.  373  are  shown  side  and  end  elevation  of  the  entire  bear- 
ing used  on  the  recently  constructed  bridge  over  the  Mississippi 
llher  at  Memphis. 

The  central  span  of  this  bridge  is  621  feet  long,  from  the  ends 
of  which  project  cantilever  arms.  This  arrangement  is  similar 
to  the  design  shown  in  Fig.  366. 

Not  considering  a  change  of  length  due  to  strains,  provisioa 
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liad  to  be  made  for  a  change  of  leogth  of  about  8  inches,  due  to 
changes  in  temperature.  The  dead  weight  carried  to  each  bearing 
is  2,454,000  pounds,  and  total  due  to  dead  and  lire  loads  4,036,000 


pounds.  An  expansion-bearing  was  required  for  a  possible  more- 
men  t  of  10  inches  and  a  weight  of  2000  tons,  which  should  roll  freely. 
It  is  perhaps  the  largest  expansion -bearing  ever  built.  Large  seg- 
mental rollers,  15  inches  in  diameter,  made  of  forged  ateel,  were 
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used.  The  sides  were  planed  out  hollow.  The  rollers  were  placed 
6  inches  between  centres,  and  would  shut  into  each  other,  after 
the  European  practice.  The  entire  arrangement  is  shown  in  the^ 
figures.  The  wall-plate  casting  is  10  feet  square.  The  rail-plate 
on  the  casting  consists  of  30  rails.  A  4-inch  steel  plate  in  the 
centre  acts  as  a  guide-rib.  There  are  30  rollers,  15  inches  in  diam- 
eter, resting  on  the  rail-plates.  The  bolster  resting  on  the  rollers- 
was  built  up  of  steel  plates  and  I  beams,  with  a  central  guide-rib 
for  the  rollers.  Over  this  is  a  large  steel  casting,  which  carries  the 
14-inch  pinion  which  the  entire  weight  of  the  superstructure  ia 
thrown.  Steel  lock-plates  for  the  rollers  are  also  provided  as  a  pre* 
caution  against  a  too  great  movement  of  the  rollers. 

An  improvement  on  this  construction  has  been  made  and  pat* 
ented  by  Mr.  Morison.  This  device  is  shown  in  Fig.  374.  The 
main  change  consists  in  the  use  of  what  is  termed  a  rocker-plate  for 
the  pin-connection  between  the  bolster  and  the  truss.  The  pin- 
connection  provided  only  for  rocking  in  one  direction,  which  might 
result  in  making  very  unequal  bearings,  owing  to  a  want  of  paral- 
lelism between  the  pin  and  the  rollers  caused  by  irregularities  in 
workmanship  or  other  disturbing  causes.  This  is  clearly  seen  in 
the  drawings,  Fig.  374.  The  plate  bearing  on  the  rollers  is  a 
steel  casting,  with  a  turned  socket  in  the  centre  and  at  the  top; 
above  this  another  steel  casting,  with  a  turned  socket  below,  its  axis- 
at  right  angles  to  that  in  the  lower  casting.  Between  the  two  and 
fitting  into  these  sockets  is  the  rocker-plate,  which  is  a  polished 
steel  plate  with  an  upper  and  lower  cylindrical  surface  at  right 
angles  to  each  other.  This  bearing  ^s  placed  below  the  chord  line 
of  the  truss  and  entirely  independent  of  any  pin-connections  in  the 
truss.  The  upper  casting  is  therefore  free  to  rock  in  any  direction 
without  disturbing  the  lower  casting,  which  rests  upon  the  rollers. 

The  same  arrangements  below  the  rail-plates  are  provided  as  in 
Fig.  373.     These  are  not  shown  in  Fig.  374. 

The  rollers  are  made  13  inches  in  diameter  and  placed  6  inches 
from  centres.  These  dimensions  are  kept  constant  for  all  condi- 
tions. It  will  be  noticed  that  the  sides  of  these  rollers  are  plane 
surfaces  near  the  top  and  bottom,  and  only  hollowed  near  the 
centre  of  the  depth.  The  rollers  will  not,  therefore,  shut  into  each 
other,  but  will  strike  before  turning  over.  The  space  between  can 
still  be  cleaned  with  a  brush.  The  details  of  construction  are 
clearly  shown  in  the  drawings.  The  bolster  or  the  bottom  chord  is 
placed  on  the  top  plate,  to  which  it  is  bolted  rigidly.    "  A  rocking 
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motion  ie  possible  in  any  direction,  and  the  bearing  may  be  de- 
pended upon  to  distribnte  the  weight,  not  only  uniformly  over  tho 
several  rollere,  bnt  uniformly  over  the  length  of  each  roller.  The  ' 
number  of  rollers  may  vary  from  3  to  12 ;  length  in  inches,  from  6  to 
24;  total  bearing  in  inches,  from  45  to  720;  safe  load,  at  3000  pounds 


& 


Pros.  374. 
One  bracket  Is  reiooveil.     Eipnasiiiiijolulss  O  and  D  are  always  on  tame 
stmlght  line,  allhniigli  ritslnuce  Iwtwet-])  BhuA  D  varies.     Hence  D  is  always 
on  the  circumference  of  a  circle  of  wbich  EQ  is  llie  diameter.     EF  =  OF 
=  DF.    Angle  EDO  \a  always  90*.    Since  OD  Is  vertical,  ED  is  horlzontol. 

per  linear  inch,  from  135,000  to  2,160,000  pounds;  width  of  rocker- 
plate,  from  4  to  14  inches;  depth  of  lower  casting,  from  3  to  14 
inches. 

The  American  practice  has  been  to  make  the  permissible  weight 
per  linear  inch  of  the  roller  in  pounds  equal  to  500  Vd,  d  being  the 
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diameter  of  the  roller.  ^'  This  rule  is  incorrect  in  principle  and 
vicious  in  its  results/^  as  it  encourages  the  use  of  small  instead  of 
large  rollers,  a  12-inch  roller  being  allowed  to  carry  only  twice  the 
load  that  would  be  put  on  a  3-inch  roller.    Mr.  Morrison  accepts 

500  Vd  as  correct  for  a  4-inch  roller,  i.e.,  1000  pounds  per  linear 
inch,  and  afterwards  in  proportion  to  the  diameter,  viz.,  250  pounds 
for  a  1-inch  roller  and  3000  pounds  for  a  12-inch  roller.  The  above 
weights  are  calculated  on  this  basis.  (See  Engineeriivg  Record^ 
Dec.  9,  1893.) 

An  ingenious  device  is  shown  for  supporting  the  end  of  a  long 
line  of  stringers  on  a  floor-beam,  and  allowing  at  the  same  time  for 
the  expansion  and  contraction,  which  in  this  case  was  as  much  as 
8  inches.  In  Pigs.  374  (a)  and  (6),  figure  (a)  is  an  end  view  pro- 
jected on  the  floor-beam,  and  figure  (J)  is  a  side  view  showing  the 
connections.  The  full  lines  EFDFG  show  the  position  of  the 
link-expansion  members  when  in  one  position  and  the  dotted  lines 
when  in  another.  By  this  arrangement  the  points  G  and  D  are 
always  on  the  same  straight  line,  as  indicated  in  diagram  ((?),  and 
the  straight  line  joining  E  and  D  is  horizontal. 

The  drawings  show  clearly  the  construction. 

ECONOMICAL  DEPTH   FOR  TRUSSES. 

1002.  The  proper  and  economical  depth  of  beams  and  trusses,  so 
far  as  its  theoretical  determination  is  concerned,  can  be  readily  cal- 
culated, as  it  corresponds  with  that  which  gives  the  least  quantity  of 
material  for  the  same  degree  of  strength.  As  the  depth  increases, 
the  smaller  is  the  stress  in  the  flanges  or  chords,  while  the  shear 
remains  the  same'for  the  same  length  of  span  and  load,  the  web 
members  are  theoretically  the  same;  but  practically  a  limit  is  soon 
reached,  as  the  increased  length  of  web  members  would  require 
increased  areas  of  cross-section  or  increasing  material  to  give  proper 
stiffness,  and  various  elements  of  a  practical  nature  forbid  excessive 
depths,  and  economy  of  material  does  not  always  mean  economy  of 
manufacture,  construction,  and  erection.  The  general  practice  \&  to 
use  a  depth  equal  to  from  one  fifth  to  one  tenth  of  the  span,  with 
a  fair  average  in  trusses  of  long  spans  of  from  one  seventh  to  one 
eighth  of  the  span. 

It  is  doubtless  a  great  mistake  to  determine  the  dimensions  of 
parts  and  consequently  weight  of  bridges  by  the  use  of  a  too  small 
rolling  load,  as  there  has  been  a  great  tendency  to  increase  of  the 
iweights  of  engines — ^far  beyond  that  for  which  the  large  majority 
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of  bridged  have  been  constnicted;  whereas  but  a  small  per  cent 
increase  in  weight  of  stmctnre  would  have  provided  for  a  much 
heavier  load,  as  it  has  been  established  that  for  short  spans  an 
increase  of  rolling  load  to  the  extent  of  about  20  per  cent  only  re- 
quires about  3  per  cent  increase  in  weight,  and  only  8  per  cent  for 
spans  up  to  100  feet  in  length;  and  these  additional  weights  do  not 
imply  an  equal  increase  in  cost.  From  spans  of  100  to  200  feet, 
the  increased  weight  for  thet  ordinary  heavy-type  locomotive,  known 
as  the  Pennsylvania  Kailroad  Specifications,  the  equivalent  uniform 
load  being  about  3000  pounds  per  linear  foot,  to  the  Decapod  rolling 
load  followed  by  a  uniform  rolling  load  of  3600  pounds  per  linear 
foot,  varies  in  increase  of  weight  from  8.1  to  13.2  per  cent,  whereas 
the  average  increase  in  cost  will  be  only  about  two  thirds  of  this 
percentage,  or  increase  in  cost  from  5.4  to  8.8  per  cent.  In  short 
spans,  not  over  100  feet,  an  increase  of  depth  of  girders  from  i  to 
1  foot  does  not  increase  the  weight  more  than  about  1  per  cent; 
and  for  spans  180  feet  an  increase  of  depth  from  26  to  28  feet 
does  not  increase  the  weight  over  2  per  cent,  this  depth  being  from 
1/6 J  to  1/7  of  the  span;  a  span  of  520  feet  steel,  an  increase  in 
depth  from  50  to  58  feet  only  increased  the  weight  3  per  cent,  the 
depth  being  from  1/10.4  to  1/9  of  the  span. 

The  weight  of  a  drawbridge,  including  turn-table,  wheels,  and 
hand-turning  machinery,  will  be  very  nearly  the  same  as  for  a  fixed 
span  of  the  same  total  length  to  carry  the  same  live  load. 

The  evident  conclusion  from  the  above  is  that  a  good  depth, 
while  not  adding  materially  to  the  weight  of  the  truss  or  cost  of  the 
same,  has  many  advantages,  and  that,  all  things  considered,  there  is 
neither  wisdom  nor  economy  in  still  specif  jring  .rolling  loads  to  be 
used  in  calculating  stresses  on  bridges  far  below  actual  heavy  loads 
now  in  use  on  some  roads.  As  the  increased  cost  is  but  a  small  per 
<5ent,  many  advantages  are  gained,  greater  confidence  would  exist  in 
the  actual  safety  and  permanence  of  the  structure,  and,  in  addition, 
future  contingencies  would  be  amply  provided  for.  We  should  at 
least  not  be  far  behind  the  heaviest  loads  now  used. 

ECONOMICAL  LEKGTH   OF  SPAN, 

1003.  Many  questions  have  to  be  considered  and  settled  before 
the  actual  question  as  to  what  is  an  economical  length  of  spans 
of  any  particular  bridge  structure.  These  mainly  involve  the  ques- 
tion of  location  and  site,  which  has  been  discussed  in  a  previous  vol* 
ume  by  the  writer,  on  Foundations  and  Substructures. 
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Having  then  selected  the  type  of  bridge — snspeusion,  cantilever^ 
Linville  or  Whipple,  Pratt  or  Howe  truss;  and  the  kind  of  material 
to  be  used — steel,  iron,  or  wood ;  type  of  moving  load,  etc.,  a  thorough 
knowledge  of  the  nature  of  the  bed  of  the  stream,  the  depth  from  the 
water  surface  to  the  rock  or  other  firm  material  which  is  to  form  the 
foundation-bed  is  necessary  and  valuable  for  many  reasons.  Also^ 
information  as  to  the  nature  and  extent  of  floods,  whether  liable  to 
great  gorging  of  ice  or  drift,  clear  height  above  high  water  required 
by  law  in  the  interest  of  navigation,  as  well  as  the  number,  length, 
and  position  of  channel  spans;  whether  some  of  the  spans  can  be 
deck-bridges  or  all  are  required  to  be  through-bridges.  The  latter 
is  now  required  under  the  law  governing  bridge  structures  over 
navigable  streams.  Often  a  special  act  of  Congress  is  necessary 
allowing  the  construction  on  any  special  terms  or  conditions  the 
particular  case  may  seem  to  require.  All  of  these  considerations 
and  conditions  so  far  modify  any  general  formulae  or  equation  that 
nothing  seems  to  be  left  but  to  make  a  series  of  approximate  esti- 
mates of  actual  resulting  cost.  There  need  not  be  many  such  trial 
calculations,  as  certain  general  considerations  enable  us  to  arrive 
approximately  at  the  proper  relation  between  cost  of  superstructure 
on  the  one  hand,  and  substructure  and  foundations  on  the  other. 

As  a  general  statement  it  may  be  said  that  where  the  fouudatious 
are  not  costly  and  'substructures  of  no  very  great  height,  economy 
points  to  a  large  number  of  piers  or  supports  and  short  spans.  On 
the  contrary,  where  cost  of  foundations  is  large,  or  great  height 
of  piers  is  required  above  water  surface,  economy  requires  few  piei-s 
and  long  spans.  Again,  these  questions  are  greatly  modified  by 
actual  and  relative,  cost  of  material  and  erection  of  superstructure, 
and  that  of  the  cost  and  construction  of  substructure  and  founda- 
tions, which  are  ever- varying  quantities. 

Some  engineers  act  upon  the  assumption  that  the  economical 
span  is  that  which  will  cost  as  much  as  one  pier,  which,  again,  is 
based  upon  the  assumption  that  the  cost  of  a  span  varies  as  the  square 
of  the  span — neither  of  which  assumptions  is  accurate  or  correct. 

In  the  Ejigineering  Netos  of  Dec.  14th,  1889,  the  following  ex- 
pression occurs: 

5"  -  aJ  -  400 


h 

p  being  the  cost  of  one  pier,  and  the  conclusion  being  that  the  cost 
of  bridge  is  least  when  the  cost  of  piers  equals  the  above  expression, 
in  which  8  =  length  of  one  span  in  feet. 
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Class  M. 

Mogul  Enfiiiie. 

Uniform  Traio  Load, 
1890  lbs.  per  foot. 

0  =  2220 

5  =  8.88 


CzjissC. 

OoDflolidacioii  Engfine. 

Uniform  Train  Load» 
2340  lbs.  per  foot. 

a  =  2180 

6  =  8.1 


Class  T. 

Typical  Consolidation  Engine.. 

Uniform  Train  Ltoad, 
8000  lbs.  per  foot. 

a  =  2120 

b  =  2.89 


The  above  engine  weights,  or  their  equiyalents,  have  already  been 
given. 

The  writer  does  not  propose  to  criticise  or  judge  Qf  the  value  of 
such  formulae,  but  he  knows  that  as  a  practical  question  in  many 
cases  the  change  of  position  of  a  pier  of  only  a  few  feet  may  enor- 
mously increase  or  decrease  the  cost  of  the  foundation  and  pier, 
whereas  but  little  affecting  the  cost  of  a  span.  A  few  calculations^ 
based  upon  reliable  information  of  cost  of  materials,  cost  of  con- 
struction and  erection,  will  usually  be  a  more  reliable  guide. 

EXAMPLES  OF   LONG   AND  HEAVY   BKIDGE8. 

1004.  Interstate  Bridge,  Omaha,  Nebraska. — The  swing-spair 
of  this  structure  is  520  feet  long.  It  is  the  largest  and,  with  one  ex* 
ception,  the  heaviest  swing-span  in  the  world.  Its  weight  is  3,000,- 
000  pounds,  while  that  of  the  Harlem  Eiver  Bridge  is  4,400,000- 
pounds,  their  respective  lengths  being  520  feet  and  389  feet.  The 
former  carries  two  tracks  for  railway  and  two  roadways;  the  latter  is 
for  4-track  railway.  The  two  next  in  length  are  the  Thames  River, 
Conn.,  503  feet  for  2-track  railway;  and  the  Arthur  Kill,  Staten 
Island,  N.  Y.,  500  feet,  for  1-track  railway.  The  height  is  95  feet 
at  centre,  50  feet  at  first  hips,  and  25  feet  at  the  end  hips.  Tho 
two  trusses  are  30  feet  apart,  centre  to  centre.  The  webs  and  chords 
are  computed  for  a  live  load  assumed  at  9600  pounds  per  lineal 
foot,  one  arm  loaded,  or  8000  pounds  per  lineal  foot,  both  arms 
loaded.  The  wind  pressure  is  taken  at  600  pounds  per  lineal  foot 
for  the  lower  lateral  system,  and  280  pounds  for  the  upper  lateral 
system. 

T)ie  dead  load  is  assumed  at  6100  pounds  per  lineal  foot.  The 
main  requirements  were  as  follows:  All  metal  medium  steel,  except 
for  adjustable  members,  which  are  of  wrought  iron ;  rivets  of  soft 
steel;  there  are  also  cast-steel  portions.  All  steel  manufactured  by 
the  open-hearth  process.  Rivet  steel  shall  have  tensile  strength  of 
57,000  pounds  per  square  inch;  elastic  limit  not  leas  than  30,000 
pounds;  elongation  25  per  cent  in  8  inches,  and  a  reduction  of  area 
45  per  cent;  and  must  bend  double,  flat,  without  sign  of  fractura 
on  the  convex  side  of  the  bend. 
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The  medinm  ateel  shall  have  ultimate  tensile  strength  of  64,000 
;poiiDdB  per  square  inch,  and  elastic  limit  at  lenst  one  half  of  the 
tensile  strength ;  the  per  cent  of  elongation  1,200,000  ponnda  di- 
Tided  by  the  unit  tensile  strength  in  pounds,  and  a  reduction  of 
area  of  2,400,000  pounds,  divided  by  the  same  quantity.  Some  of 
the  more  important  features  of  this  bridge  are  shown  in  Fig.  374^. 


Fig.  374^. 

The  Viatnln  River  Bridge  at  Fordan,  Germany,  is  notable  both 
on  account  of  its  great  length  and  the  extensive  use  of  basic  steel 
in  its  construction.  Its  length  is  4346  feet.  This  is  made  up  of 
five  river  spans  abont  328  feet  each,  and  thirteen  land  spans  of  about 
203  feet  each.  Of  10,800  tons  of  metal  in  the  snperatrnctnre  over 
one  half  was  produced  by  the  Thomas  basic  process,  and  the  re- 
mainder by  the  Martin  basic  process.  The  cost  was  abont  #2,100,- 
000,  of  which  $500,000  went  for  foundations,  $250,000  for  masonry, 
$1,062,500  for  superstructure,  and  the  remainder  in  miscetlaneoos 
works. 

The  lengths  of  some  other  European  bridges  are:  Bridge  now 
under  construction  across  the  Danube,  known  as  the  Czernavoda 
Bridge,  12,628  feet  long;  the  Tay  Bridge,  Scotland,  10,496  feet; 
the  Forth  Bridge,  7852  feet;  the  Waal  Bridge  at  Moerdijk,  Hol- 
land, 4822  feet;  the  Syzran  Bridge,  Russia,  over  the  Volga,  4TT7  feeL 
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EBECTION  OF  BBIDGES. 


A  not  unimportant^  laborions,  and  expensiye  portion  of  bridge 
construction  concerns  the  proper  means  of  erecting  structures  in 
place.  The  cost  of  staging,  false  work,  and  machinery  is  an  impor- 
tant  factor  in  determining  the  type  of  structure  to  be  used,  the^ 
material  of  which  it  is  to  be  built,  the  location  of  the  structure,  and 
and  the  time  and  labor  required,  as  well  as  the  ultimate  total  cost. 

The  term  falsework  is  applied  to  any  temporary  supports  used 
in  connection  with  the  erection  of  structures  of  any  kind,  and  not 
included  in  the  general  term  of  plant,  which  includes  derricks,, 
pile-drivers,  tackle,  boilers,  engines,  etc.,  and  machinery  and  toola 
of  all  descriptions. 

The  temporary  nature  of  the  structure  required  is  an  unfortu^ 
nate  condition  that  has  been  a  fruitful  source  of  enormous  loss  of 
property,  time,  and  labor,  and  of  fearful  loss  of  life  and  limb.  To 
avoid  unnecessary  expense  the  frailest  structures  are  often  con* 
structed.  Care  is  not  taken  to  secure  a  firm  and  stable  foundation. 
Tlie  frames  erected  on  them  are  often  made  of  defective  material 
and  of  small  dimensions,  connected  and  jointed  in  a  loose  and  hap- 
hazard manner.  Often  but  little  bracing  is  used;  or,  in  other 
words,  all  kinds  of  risks  are  taken,  for  the  reason  that  the  load  is 
considered  as  fixed,  and  the  falsework  is  of  a  temporary  character. 

The  two  recent  disasters,  resulting  unquestionably  from  weak 
and  poorly  constructed  falseworks,  with  their  appalling  loss  of  life, 
should  be  a  warning  to  engineers  and  contractors  not  to  take  any 
unnecessary  risks  in  designing  and  constructing  falseworks  for  the 
erection  of  the  gigantic  structures  built  at  the  present  time.  Space 
forbids  a  full  discussion  of  this  subject. 

Get  rid  of  the  idea  of  building  only  a  temporary  structure,  and 
the  principles  ot  construction  will  be  the  same  for  falseworks  as 
for  more  permanent  structures. 

The  falseworks  required  in  the  construction  of  arches  and 
tunnels  have  been  fully  discussed  and  described  under  the  heads  of 
Centres  and  Tunnel  Linings.  Commonly  due  thought  and  care  is 
given  to  the  design  and  construction  of  these  structures,  as  this 
involves  not  only  the  questions  of  danger,  delay,  and  cost,  but  also 
one  of  absolute  necessity  in  executing  the  works  properly  or  at  all. 

The  following  remarks  will  therefore  only  apply  to  the  false- 
works required  in  the  erection  of  bridges. 

For  all  ordinary  structures,  especially  when  at  no  great  height 
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of  roadway  or  length  of  span,  the  work  can  be  erected  from  staging 
and  by  the  use  of  derricks,  shears,  gin-poles,  and  the  like,  or  some 
inexpensive  framing,  snch  as  framed  or  pile  trestles,  according  to 
<;ircu  mstances. 

The  gin-pole  is  capable  of  performing  a  great  deal  of  heavy  lift- 
ing, even  to  very  great  heights,  and  offers  many  conveniences  and 
advantages  when  properly  supported,  guyed,  and  careful]y  handled, 
but  is  both  dangerous  and  risky  otherwise.  A  gin-pole  is  notliing 
but  a  single  stick  of  timber  bearing  on  a  broad,  solid  support  at  one 
and,  and  held  in  a  more  or  less  inclined  position  by  three  or  more 
guy  ropes  attached  to  its  upper  and  free  end.  These  guys  hold  the 
pole  in  place,  and  by  carefully  slackening  or  tightening  on  the  guys 
its  top  can  be  raised,  lowered,  or  swung  horizontally  through  rea- 
sonable distances  and  angles.  The  power  is  applied  by  steam  or 
hand  power  working  by  means  of  spools,  drums,  windlasses,  ropes, 
blocks,  and  other  useful  tackle.  It  is  simple,  inexpensive,  easily 
placed,  taken  down,  and  removed  to  some  other  place. 

For  the  erection  of  high  iron  viaducts  with  short  spans  between 
the  bents  of  iron  columns  a  great  many  devices  simple  but  crude 
in  design  are  used.  The  bents  themselves  can  be  connected  on  the 
ground  and  lifted  bodily  in  place  when  not  too  long  and  heavy,  or 
can  be  built  in  place  story  by  story.  For  these  purposes  simple 
projecting  beams,  having  their  rear  ends  well  lashed  to  the  completed 
portion  of  the  trestle  and  rigged  with  the  usual  blocks,  ropes,  et-c., 
or  the  gin-pole  or  shears  erected  on  the  completed  trestle,  can  be 
used.  Where  the  work  is  of  sufficient  magnitude  to  justify  the 
expense,  platforms  or  cars  can  be  run  on  the  completed  trestle  and 
lashed  down  to  it  when  in  use.  This  car  carries  the  poles,  beams, 
shears,  machinery,  etc. 

For  short  spans  the  girders  can  be  either  lifted  bodily  in  place 
or  moved  end  on  from  one  bent  to  the  next  in  front,  the  front 
end  being  held  up  when  necessary  by  any  of  the  means  above 
described.    Economy  will  usually  govern  the  method  to  be  adopted. 

Bridge  Spans, — Where  the  spans  are  not  very  long  and  heavy, 
or  very  high  above  the  water  surface,  it  is  usual  to  build  a  pile 
trestle  or  a  framed  trestle  resting  on  the  bed  of  the  river  directly, 
or  on  a  crib  or  pile  foundation,  depending  on  the  depth  of  water, 
rapidity  of  current,  and  character  and  depth  of  the  material  form- 
ing the  bed  of  the  stream.  Any  trestle  design  is  suitable  for  this 
purpose ;  or  the  same  general  design  as  shown  in  Fig.  374}^,  which 
is  intended  for  a  long  high  span,  may  be  used. 
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Upon  this  rests  directly  the  bottom-chord  members  and  such 
other  members  as  may  be  convenient  to  place  on  it.  To  support 
the  upper  chord  during  erection,  and  until  all  parts  are  connected 
up  so  that  the  bridge  becomes  self-supporting,  another  fixed  frame 
may  be  erected  on  the  trestle. 

This  frame  consists  essentially  of  a  series  of  uprights,  caps,  and 
cross-pieces  placed  at  the  panel  points.  This  frame  ffhould  be  well 
braced  both  longitudinally  and  transversely,  and  lipon  these  frames 
the  top-chord  pieces  rest.  The  bottom  and  top  chords  are  then 
connected  by  the  web  members,  thus  completing  the  trusses. 

The  top  lateral  bracing  and  so  much  of  the  bottom  lateral 
bracing  as  may  be  considered  necessary  are  also  connected  up.  The 
bridge  is  then  swung,  as  it  is  called,  by  removing  blocks,  wedges, 
etc.  Other  members,  including  floor-beams  and.  stringers,  may  or 
may  not  be  placed  before  tearing  down  the  falsework. 

Long  ajid  High  Spans, — In  Fig.  374J  is  shown  a  vertical  eleva- 
tion of  one  of  the  bents  for  the  falsework  of  the  Louisville  and 
Jeffersonville  Bridge  across  the  Ohio  River.  This  falsework  was 
intended  to  support  a  span  550  feet  long,  whose  lower  chord  was 
about  100  feet  above  the  water  surface. 

Each  frame  bent  is  supported  on  eight  piles  driven  into  the  bed 
of  the  river,  and  arranged  as  shown  in  the  drawing.  These  bents 
were  placed  about  25  feet  intervals  centre  to  centre.  It  was  de- 
signed to  have  the  usual  X  braces  in  both  transverse  and  longitudi- 
Tial  directions,  also  horizontal  longitudinal  braces  from  end  to  end 
of  the  falsework.  There  is  some  question  as  to  whether  these 
braces  were  placed  when  the  entire  trestle  collapsed. 

Instead  of  the  fixed  frame  resting  on  the  trestle  for  the  support 
oi  the  top  chord,  as  already  described,  a  movable  structure  called  a 
traveller,  as  shown  in  Figs.  374J  (a)  and  [h),  is  commonly  used. 
The  general  construction  of  this  traveller  is  clearly  -shown  in  the 
drawings.  Figure  (a)  shows  a  side  elevation,  and  figure  {b)  a  verti- 
cal section  or  end  view. 

This  moves  along  on  wheels  carried  on  a  temporary  track,  and 
is  used  to  hold  the  members  of  panels  until  they  are  so  connected 
that  they  are  supported  by  other  portions  of  the  bridge  itself.  As 
shown,  the  clear  width  between  the  side  frames  is  somewhat  greater 
than  that  of  the  trusses  of  the  bridge  from  out  to  out,  and  the  clear 
height  is  greater  than  that  of  the  highest  point  of  the  top  chord  of 
the  bridge.  The  traveller  can  be  moved  from  end  to  end  clear  of 
the  trusses. 
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The  members  are  lifted  and  suspended  by  tackle  attached  to  the 
top  frame  and  beams  of  the  traveller. 

This  entire  structure^  with  an  almost  completed  iron  and  steel 
span  550  feet  long,  collapsed  and  fell  into  the  river. 

As  is  usually  the  case  in  such  disasters,  there  is  a  conflict  of  tes- 
timony as  to  the  direct  cause  of  the  failure.  It  is  stated  on  one 
li^nd  tliat  the  upper  framework  of  the  trestle  was  not  braced  a& 
designed,  especially  with  the  diagonal  and  longitudinal  braces. 
Consequently  the  Jbeiits  did  not  act  together  as  a  unit,  but  gave 
way  in  detail,  owing  to  the  overloading  and  careening  of  one  bent^ 
tlie  bents  simply  falling  forward  or  folding  the  one  on  the  other. 
AVhile  admitting  a  want  of  complete  bracing,  the  bridge  company 
claims  that  the  falsework  was  sufficiently  braced  to  stand  any  ordi- 
nary pressure  from  wind,  current,  and  drift,  and  that  the  collapse 
was  due  to  the  unusual  pressure  caused  by  a  cyclone.,  the  pressare 
from  which  careened  the  traveller,  which  acting  with  a  great  lever- 
age, brought  an  undue  load  on  one  side  of  the  falsework;  and  as  a 
further  evidence  of  this  they  cite  t'he  collapse  of  a  similar  and 
adjoining  span,  practically  completed,  and  swinging  clear  of  all 
falsework,  on  the  same  day. 

The  writer  does  not  undertake  to  decide  between  these  two 
statements,  as  the  exact  facts  and  conditions  will  probably  never 
be  known. 

This  accident  resulted  in  the  falling  of  some  4,000,000  (in  the 
two  spans)  pounds  of  iron  and  steel  beams,  columns,  rods,  etc.,  into 
the  river,  the  total  destruction  of  the  traveller  and  550  feet  of  false- 
work, the  killing  of  some  twenty  to  twenty-five  men  and  the  injur- 
ing of  as  many  more,  and  finally  a  delay  of  one  or  two  years  in  the 
completion  of  the  structure. 

There  is  one  point,  however,  that  to  the  writer  seems  a  sufficient 
cause  for  the.  disaster,  namely,  the  foundation  bents,  composed  of 
piles  all  driven  vertically,  and  having  an  unsupported  length,  be- 
tween the  lowest  brace  and  the  bed  of  the  river,  of  some  32  feet  or 
more.  The  fact  that  such  structures  have  stood  and  served  their 
purposes  does  not  disprove  the  assertion;  for  all  such  bents  are  in 
a  precarious  condition,  and  if  from  any  cause  the  direction  of  the 
pressure  varies  from  the  vertical,  these  piles  will  spring  and  bend  to 
a  dangerous  extent;  and  if  there  is  any  tendency  for  the  bents  to 
careen  as  a  whole,  an  unsupported  length  of  30  feet  can  be  sprung 
from  2  to  4  feet  from  the  yertical  with  no  great  effort,  and  in  this 
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condition  they  are  not  capable  of  sustaining  any  great  load  or  press- 
ure acting  vertically. 

In  all  such  cases  the  outer  piles  of  a  bent  should  be  driven  on  a 
batter,  driving  additional  piles  for  this  purpose  if  necessary;  or  a 
strong  system  of  X  bracing  should  be  bolted  to  the  piles,  using 
divers  for  this  purpose  below  the  water  surface.  It  is,  however,  an 
easy  matter  to  do  this  without  divers,  bolting  the  lower  end  of  the 
brace  to  the  pile,  before  driving  it  its  full  depth,  at  such  a  point  as 
will  finally  be  at  or  near  the  bed  of  the  river,  lashing  its  upper  end 
loosely  to  the  pile,  and  finally  inclining  it  at  the  proper  angle,  and 
bolting  its  upper  end  to  the  adjacent  or  ultimate  pile  in  the  same 
bent.  This  can  also  be  done  in  longitudinal  planes,  bracing  the 
separate  bents  together  unless  the  bents  are  very  far  apart,  bents  25 
feet  apart  and  in  a  depth  of  water  of  25  feet  deep  only  requiring  a 
brace  35  feet  long.  These  could  readily  be  stiffened  by  a  trans- 
verse brace  resting  at  the  point  of  crossing  of  the  braces,  running 
in  opposite  directions. 

Considering  that  in  two  recent  accidents  no  doubt  can  exist  as  to 
the  great  unsupported  lengths  of  piles  being  a  potent  factor  in  the 
collapse  of  the  falsework,  resulting  in  the  death  of  some  fifty  men 
and  the  crippling  of  as  many  more,  it  certainly  seems  that  no  such 
weak  and  defective  construction  should  be  allowed  merely  to  save  a 
little  expense. 

Frequently,  to  avoid  the  use  of  high  and  long  falseworks,  or 
where  the  construction  of  falsework  is  very  difficult  and  costly,  or 
impracticable,  it  is  advisable  or  necessary  to  adopt  the  cantilever 
type  of  bridge  instead  of  the  ordinary  trusses. 

COMBINED   DIRECT  AND   BENDING   STRESSES. 

1005.  Any  tension  or  compression  member  placed  in  a  hori- 
zontal position,  in  4iddition  to  the  ditect  stress,  is  subjected  to  a 
transverse  strain  due  to  the  bending  action  of  its  own  weight.  This 
condition  always  exists  in  the  panels  of  the  top  and  bottom  chords 
of  bridges.  If,  as  is  often  the  case,  the  load  is  transferred  direct  to 
the  chord  at  points  between  the  joints,  this  bending  action  mav  be 
very  large;  or  if  the  direct-acting  stress  be  placed  towards  one  side 
of  the  axis  of  member,  or  acts  on  an  already  bent  member,  there  will 
result  a  bending  moment  equal  to  the  product  of  the  load  or  direct 
stress  by  the  distance  between  the  line  of  action  of  the  load  and  the 
longitudinal  axis  of  the  member. 
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■^fc^^^M^^     Will       MMMM  —^^1^—  .1  ,■»■—  —  III  -■■[■■■I  _ 

It  is  to  avoid  this  bending  action  that  joints  are  designed  to 
bring  the  centre-of -gravity  lines  of  all  members  to  a  common  point, 
thereby  avoiding  secondary  stresses  from  bending. 

Taking,  then,  a  panel  length  of  the  loaded  chord  subjected  to 
the  bending  action  of  loads  transferred  to  it  at  several  points  by 
floor-beams  or  cross-ties  and  subjected  to  direct  stress  of  tension  or 
compression  at  the  same  time:  the  loads,  including  the  weight  of 
the  chord  section,  deflect  or  bend  it.  The  direct  stress  is  assumed 
to  be  uniformly  distributed  over  the  area  of  the  cross-section  of  the 
'  member,  and  its  resultant  as  acting  at  the  centre  of  gravity  of  the 
section.  It  therefore  tends  to  increase  the  bending  or  deflection 
caused  by  the  weight  of  the  member  and  any  load  upon  it  if  it  is  a 
compressive  stress,  and  to  diminish  it  if  it  is  a  tensile  stress. 

The  maximum  admissible  fibre  stress  must  be  at  least  equal  to 
{!)  the  fibre  stress  caused  by  the  external  load  and  weight  of  the 
beam  increased  by  (2)  the  fibre  stress  caused  by  the  bending  action 
of  the  direct  stress  on  the  member,  increased  by  (3)  the  intensity  of 
the  direct  stress,  and  the  member  must  be  designed  and  dimensioned 
to  resist  all  three. 

If  P  is  the  total  direct  stress,  A  the  area  of  the  cross-section,  v 

the  maximum  deflection,  then  the  fibre  stress  or  intensity  of  direct 

p 

stress  =/,  =  -j;  the  bending  moment  due  to  direct  stress  =  Pv^ 

=  M^;  and  if  M^  =  bending  moment  due  cross-breaking  load,  while 

fl 
the  moment  of  resistance  to  bending  =  M^  =  ^  the  equilibrium 

fl 
requires  i/^  =  —  =  if,  ±  J/',=  Jf,  ±  Pv^y  and  the  maximum  de- 

nfr 
flection  due  to  any  load  =  v,  =  -~ —  (see  eq.  (197) ).    Substituting 

fT  Pn  f1^ 

v^  in  the  value  of  M^  above,  we  have  =--  =  Jf,  ±    j^     ;  hence  /  = 


M.y, 


E 


and  the  maximum  admissible  fibre  stress 


This  equationis  true  for  all  forms  of  cross-section,  and  conditions 
of  loading  and  supporting  beams.    The  value  of  the  factor  n  has 
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been  given  in  paragraph  S39  and  table.  For  a  beam  supported  at 
both  ends  and  loaded  at  the  centre  n=z  ^or^y  and  for  the  same 
beam  uniformly  loaded  n  =  ^,  noting  that  n  =  \n"  in  eqna,  (477). 
It  is  therefore  practically  the  same  for  any  condition  of  loading 
met  with  in  practice,  and  for  a  sufficiently  close  approximation  may 
be  assumed  to  be  constant,  and  equal  to  -^^  or  -j^.  Substituting; 
this  value  in  eq.  (587),  it  becomes 

/o=/+/.  =  — ^±3 (588> 

PV 
When  the  direct  stress  is  compressive,  —  ^^r-^  must  be  used;  and 

PV 

when  tensile,  +  tttt^* 

The  above  conditions  often  occur  in  deck-bridges  for  railways, 
where  the  rolling  load  is  practically  distributed  uniformly  over  the 
top-chord  panels,  and  is  not  uncommonly  the  case  in  through- 
bridges  for  highways. 

As  a  practical  example,  take  the  case  of  a  railway  deck-span  for 
a  railway  bridge. 

Let  I  —  panel  length  =  20  feet  =  240  inches; 

P  =  direct  compressive  stress  in  the  member  =  404,262  pounds; 
A  =  area  of  cross-section  =  53.87  square  inches; 
y,  =  distance  from  compressed  side  to  the  neutral  axis  =  9  in.; 
/=  moment  of  inertia  of  cross-section  =  2762; 
10  =  weight  per  foot  of  length  per  truss  —  875  pounds; 
w^  =  moving  load  per  foot  of  length  per  truss  =  1500  pounds; 
w  -\-  w'  =  2375  pounds  per  foot  of  length,  and  per  inch  of  length* 
=  w  =  ^\yL  =  200  pounds  nearly.    This  data  is  taken 
from  paragraphs  947  to  960. 

The  bending  moment  from  transverse  load  =  i/,  =  \\oV  = 
I  X  200  X  (240)'  =  1,440,000  inch-pounds.  Substituting  in  e<i. 
(588),  assuming  E  =  28,000,000, 

/  =/+/  = 11-^^  X  ^'^  + 1???^?  =  12,268  pounds. 

400000  X  57600  ^  53.87     ,    ^'^>'^"*' 1~ 

10  X   28000000  '     ■ 


it 
ti 
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This  gives  the  resultant  compre88iy.e  stress  on  the  extreme 
iipper  fibres,  and  is  greatly  in  excess  of  the  safe  unit  stress  allowed. 
The  special  top-chord  section  taken  was  not  designed  to  carry  any 
external  load.  Finding  if,  for  the  weight  of  the  beam  itself,  it  will 
be  fonnd  to  be  about  108,000  inch-pounds,  which  substituted  for 
1,440,000  pounds  in  the  above  examples  gives  /„  =  7800  pounds  per 
square  inch  nearly,  which  is  not  excessive.  To  overcome  this  mo- 
ment due  to  the  weight  of  the  chord  sections,  it  is  necessary  to  place 
the  pin  far  enough  below  the  neutral  axis  of  the  cross-section,  that 
the  bending  moment  of  the  direct  stress  may  be  equal  and  opposite 
to  that  of  the  weight  of  the  chord  segment.  This  position  of  the 
pin  is  also  required  to  allow  sufficient  clearance  for  the  eye-bar 
heads  beneath  the  cover-plate. 

The  above  principles  have  been  applied  to  trussed  beams,  either 
of  the  triangular  or  trapezoidal  types,  considering  the  loaded  chord 
as  a  continuous  beam.  It  is,  however,  better  to  consider  the  truss- 
ing members  or  braces  as  bearing  all  the  direct  tensile  or  compres- 
•sive  stress  and  the  beam  as  simply  sustaining  the  bending  section  of 
the  cross-bending  loads,  its  length  equal  to  one  half  the  span  for 
the  triangular  truss  and  one  third  the  span  for  the  trapezoidal  truss. 
For  a  full  discussion  of  this  subject,  see  Johnson's  Modern  Framed 
.Structures. 

SECONDARY   STRESSES. 

1006.  Secondary  stresses  are  those  stresses  caused  by  bending 
action  resulting  (1)  from  the  connection  of  the  members  at  a  joint 
in  such  a  manner  that  their  centre  of  gravity  lines  do  not  meet  at 
a  point  (2)  any  member  under  combined  direct  and  bending  stress, 
and  (3)  when  the  connections  are  such  that  they  are  not  free  to 
rotate  when  the  live  load  comes  upon  the  truss,  and,  as  a  conse- 
quence, the  members  must  spring  or  deflect  as  the  structure  deflects* 

Nearly  all  riveted  structures  are  subjected  to  secondary  stresses, 
which  may  be  as  much  as  75  per  cent  of  the  primary  stresses.  Pin- 
oonnected  structures  are  to  a  great  extent  free  from  secondary 
stresses,  especially  those  arising  from  rigidity  at  the  joints. 

In  Fig.  375  (a)  is  shown  a  not  uncommon  form  of  riveted  truss 
for  lattice  girders  of  no  great  depth,  which  is  a  single-intersection 
Warren  riveted  truss.  Let  the  chord  be  composed  of  one  plate 
12  in.  X  i  in.,  and  two  3  X  4  in.  angles,  25  pounds  per  yard,  and  each 
of  the  diagonals  two  3  X  4  in.  angles,  25  pounds  per  yard,  riveted 
along  the  4-inch  leg. 
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If  the  stress  along  each  diagonal^  compression  in  one  and  tension 
in  the  otber>  is  taken  at  40,000  pounds,  which  may  be  taken  as  uni- 
formly distributed  over  the  area  of  cross-section,  and  the  resultiint 
acting  along  the  gravity  lines  DB  and  EBy  then,  taking  moment 
about  the  point  A,  we  have  M=  T  x  AB,  With  AB  =  5^  inches 
and  r  =  40,000  pounds,  M  =  220,000  inch-pounds.   All  of  the  mem- 


Figs.  875. 

bers  meeting  at  a  joint  will  resist  this  bending  action  in  proportion 
to  their  moments  of  inertia  directly  and  inversely  to  their  lengths^ 
or,  as  it  may  be  termed,  in  proportion  to  their  relative  rigidities.  It 
is  evident  that,  as  the  moments  of  inertia  of  the  diagonals  are  small 
as  compared  with  those  of  the  chords,  while  the  lengths  of  the  diago- 
nals are  greater  than  the  panel  lengths  of  the  chords,  the  chord  will 
have  to  supply  the  much  larger  portion  of  the  resistance,  and  it  is 

commonly  assumed  that  the  chord  alone  resists  the  bending  action 

n 
from  the  eccentric  position  of  the  members.     Then  from  M^  =  — 

i" 

Af  y 
we  find  the  fibre  stress  in  the  chord  due  to  this  moment  /  =  — f--.- 

This  is  to  be  divided  between  the  chord  members  meeting  at  the 
joint.  The  moment  of  inertia  of  this  chord  section  is  137.6,  and 
the  distance  from  the  neutral  axis  to  the  extreme  lower  fibre  is  8.16 
inches.     Taking  M,  =  ix  220,000  =  110,000  inch-pounds,  and  sub- 

^',  4.'             u         ^      110,000  X  8.16       ._.,  ,       I,'  I,  •  f  „ 

stitutmg  we  have  /  =  T^a =  ^^^^  pounds,  which  is  ten- 
sion on  one  side  of  the  joint  and  compression  on  the  other^ 
due  entirely  to  the  eccentric  position  of  the  members;  and  unless 
this  effect  was  considered,  and  the  chord  member  designed  only 
for  a  direct  intensity  of  stress  of  about  7000  to  8000  pounds,  it 
will  be  seen  that  the  actual  stress  may  be  nearly  twice  as  great  as 
that  for  which  the  structure  was  designed. 

In  Fig.  375  {h)  is  shown  a  common  connection  for  small  lateral 
rods.     In  this  case  the  lateral  rod  is  connected  by  means  of  a  pin  to 
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&  plate  fastened  by  four  rivets  to  another  member.  Let  the  pull  on 
the  rod  be  14,000  pounds,  on  the  supposition  that  each  of  the  rivets 
is  subjected  to  a  shear  of  3500  pounds,  and  each  bearing  its  proper 
share  of  the  pull. 

Let  the  direction  of  the  pull  be  parallel  to  two  of  the  diagonally 
opposite  rivets  2  and  4,  and  the  eccentricity  a  be  4  inches.  With- 
out disturbing  the  existing  conditions  of  equilibrium  we  can  intro- 
duce two  equal  and  directly  opposed  forces,  each  equal  to  P,  and 
in  the  line  joining  the  centres  of  rivets  2  and  4,  as  indicated,  which 
is  equivalent  to  a  direct  pull  P'  along  this  line,  and  a  couple  whose 
moment  is  Pa,  This  moment  is  left-handed,  and  causes  a  stress  on 
each  of  the  rivets,  as  indicated  by  the  arrows.  The  moment  Pa  = 
14,000  X  4  =  56,000  inch-pounds,  about  the  centre  of  gravity  of  the 
four  rivets.  This  point  from  each  of  the  four  rivets  placed  in  the 
corner  of  a  square  4^  inches  on.  a  side  will  be  3  inches,  which  are 
the  respective  lever-arms  of  the  stresses  on  the  rivets,  and  as  these 
all  act  in  the  same  direction,  we  have,  for  the  shearing  stress  due  to 
the  bending  moment  on  each  rivet,  >S  X  4  X  3  =  56,000.  .'.  S  = 
4666f  pounds,  whereas  the  direct  shear  is  3500  pounds. 

The  resultant  shear  on  rivet  1  =  3500  +  4666|  =  8166f  pounds; 
"  «  "       "      "      3  =  3500  -  4666J  =  —  1166|  " 

and  the  resultant  shear  on  rivets  2  and  4  =  V  3500*  -f-  4666|*  = 
5833  pounds; 

th^?'  Matter  being  ^he  hyp^thenuse  of  a  right-angled  triangle,  of 
which  the  two  shears  are  the  sides. 

The  shearing  stress  on  rivet  1  is  more  than  twice  that  which 
it  was  designed  to  carry,  and  over  one  and  one  half  times  on  2  and 
4.  The  minus  sign  for  shear  in  rivet  3  merely  indicates  that  the 
direction  of  the  shear  is  opposite  in  direction  to  that  in  rivet  1. 

SUSPENSION  BRIDGES. 

1007.  Suspension  bridges  consist  essentially  of  two  or  more 
cables,  composed  of  chains,  bar  links,  flat  bars  connected  by  means 
of  pins,  and,  in  the  more  recent  constructions,  of  iron  or  steel  wire, 
from  which  a  platform  of  some  kind  is  suspended  upon  which  the 
moving  load  is  carried.  The  chains  or  cables  pass  over  high  ma- 
sonry or  steel  towers,  and  their  ends  are  anchored  to  heavy  masonry 
abutments.     The  stress  on  the  cables  is  tensile,  having  its  least  mag- 
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nitude  at  the  lowest  point  of  the  cables  and  its  maximum  at  the 
towers.  Owing  to  the  great  height  of  towers  required,  and  the  con- 
sequent great  bending  action  even  with  a  small  unbalanced  hori- 
zontal component  at  their  tops,  it  is  of  the  first  importance  that 
the  reaction  in  the  tower  should  be  vertical. 

This  condition  will  usually  exist  when  there  is  no  frictional  re- 
sistance to  the  movement  of  the  cables  on  the  towers,  in  which  case 
it  is  immaterial  whether  the  inclinations  of  the  two  portions  of  the 
cable  adjacent  to  the  tower  are  the  same  or  not,  it  only  being  neces- 
sary that  the  horizontal  components  of  their  tension  shall  be  equal. 
There  are  certain  conditions,  however,  which  may  require  some  fric- 
tional resistance  at  the  top  of  the  pier.  This  condition  will  be 
briefly  discussed  a  little  farther  on. 

The  principles  determining  the  stress  at  different  points  in  the 
cables  and  the  form  of  curve  assumed  under  any  condition  of  load- 
ing was  discussed  under  the  head  of  chains  and  cords. 

Conceiving  the  bridge  to  be  intersected  by  a  vertical  plane  at 
the  lowest  point  of  the  cable  where  the  tension  is  horizontal,  and 
replacing  the  stress  by  the  force  //,  the  cable  being  uniformly  loaded 
with  a  dead  load  and  live  load,  w  and  w'  per  foot  of  length,  the 
origin  taken  at  (7,  and  taking  moments  about  any  point  D,  whose 

co-ordinates  are  GE  =  x  and  DE  =  y,  then  Hy  =  ^ — ^r — —  X  i^ 

for  one  of  the  two  cables,  from  which 


«  =  — ^~?y* 


W  -\-  70' 

which  is  the  equation  of  a  parabola  referred  to  the  vertex* 


(589) 


TiQ.  376. 


To  find  the  horizontal  tension :  Let  y ,  =  sag,  or  height  of  the 
tower  above  the  lowest  point  C  of  the  chain,  and  I  =  the  span. 
Then,  taking  moments  about  B, 


(590) 
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Subsfcitufcing  this  value  of  H  in  eq.  (589),  we  have  the  curve  of 
equilibrium  for  a  load  uniformly  distributed  along  the  horizontal 

referred  to  its  lowest  point,  a:'  =  -~. 

In  such  a  curve  of  equilibrium  the  stress  is  one  of  simple  tension, 
and  the  horizontal  component  of  the  tension  is  constant,  since  the 
external  forces  are  all  vertical.  If  we  consider  the  portion  of  the 
<jable  between  C  and  D,  which  is  held  in  equilibrium  by  the  three 
forces,  tension  at  C  =  ZT,  tension  at  />  =  T,  and  the  load  between 
C  and  Dy  which  can  be  represented  by  the  right-angled  triangle 
DQKy  in  which  the  angle  DOK  =  a, 


DE=T=^  OK  sec  a  =  i?  sec  a  =  H^^"^'^-^;     (591) 
and  for  the  tension  in  cable  at  the  tower. 


T.  =  ^B«>a'=VW(!^4)'  =  (i^)//l+Jl.   (592) 

after  substituting  H  from  eq.  (590). 

In  the  above  discussion  the  cables  have  been  assumed  to  be  uni- 
formly loaded  from  end  to  end. 

When,  however,  the  cable  is  not  uniformly  loaded  from  end  to 
end,  as  when  a  live  load  covers  only  a  part  of  the  span,  the  cable 
will  assume  another  curve  of  equilibrium  for  that  load,  unless  re- 
sisted in  some  manner;  and  for  this  purpose  stiffening  trusses  are 
used  as  shown  in  Fig.  376.  This  truss  may  be  attached  to  the  cable 
itself,  or  attached  to  the  vertical  hangers  or  suspending  bars.  The 
truss  is  not  intended  to  aid  in  carrying  the  load  to  the  supports, 
but  only  to  maintain  a  uniform  distribution  of  the  load  over  the 
cable. 

The  truss  should  be  made  so  rigid  that  its  deflection,  up  or 
down,  at  any  point  under  a  concentrated  load  will  be  very  small  as 
compared  to  the  deflection  that  would  take  place  in  the  cable  if  the 
truss  were  not  used.  The  load  is  supposed  to  rest  directly  on  the 
truss,  and  it  simply  distributes  the  load  evenly  and  uniformly  over 
the  cable,  whatever  may  be  the  condition  of  loading.  A  full  dis- 
cussion of  the  theory  of  stiffening  trusses  will  be  found  in  Johnson 
on  Modern  Framed  Structures. 

'^It-is  common  to  use  stay-cables  reaching  from  the  tops  of  the 
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towers  to  the  bottom  of  the  stiffening  truss,  out  to  about  one  fourth 
the  span  from  the  towers.  At  this  point  the  8tf^y8  become  tangent 
to  the  main  cables  at  the  towers.  The  stays  are  superfluous  mem- 
bers, and  when  introduced  the  distribution  of  the  load  must  be  de- 
termined by  the  principle  that  it  divides  itself  amongst  the  systems 
in  direct  proportion  to  their  relative  rigidity  or  inversely  as  their 
deflections." 

THE   DIRECTION  AND   AMOUNT  OF  PULL  ON  ANCHORAGE. 

The  horizontal  component  of  the  pull  on  the  anchorage  is  equal 
that  at  the  centre  of  the  span  as  given  in  eq.  (590),  the  vertical 
component  is  equal  to  H  tan  a,  a  being  the  angle  which  the  cable 
at  the  anchorage  makes  with  the  horizontal;  and  if  tr,  is  load  per 
foot  on  the  shore  side,  as  indicated  to  the  right  of  the  tower  B  in 
Fig.  376,  including  the  weight  of  the  cable  itself,  which  may  be  the 
only  load ;  H  the  horizontal  component  of  the  pull  on  the  cable,  and 
constant  from  anchorage  to  anchorage,  i.e.,  from  0  to  0\  under 
vertical  loads;  Fthe  vertical  component  of  the  pull  on  the  cable  at 
0,  which  point  is  taken  as  the  origin  of  co-ordinates,  and  at  a  hori- 
zontal distance  I'  from  the  tower,  and  at  a  vertical  distance  of  y^ 
from  the  top  of  the  tower  B,  then,  taking  moments  about  B,  we 
have 

-^y.+  TT  +  ^'  =  0;    .-.   r=^-^';    .    (593) 

and  taking  moments  about  any  point  D', 

-Hy+Vx  +  '^  =  0;    .:  F=^|-^J?;    .    (594> 
from  which 

Try.  _  «^/  ^jry^"^.    .  ^  -   <^«  „  (^  _  l\jr    (595) 

which  is  the  equation  of  the  curve  of  the  cable  BD^O\  and  for  the 
tangent  of  the  angle  which  it  makes  with  the  horizontal  at  any 
point 

For  a:  =  0,  that  is,  at  the  anchorage  0, 

tan«'  =  |f-*^ (597) 
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jj  is  the  tangent  of  the  angle  that  a  straight  line  from  ^  to  (7 

makes  with  the  horizontal.  Since  wj^  is  or  may  be  very  small  as 
compared  with  211,  the  negative  term  in  eq.  (597)  may  be  neg- 
lected, or,  in  other  words,  the  cable  BD'O  will  deviate  but  little 
from  a  straight  line.    The  vertical  pull  on  the  anchorage  is 

F=irtana'  =  ^'-^ (598) 

To  find  the  angle  of  inclination  of  BD'O  at  the  tower,  make 
a;  =  r  in  eq.  (596);  then 

tanflr'  =  |^  +  |i. (599> 

This  angle  should  be  such  as  to  cause  a  vertical  reaction  in 
the  tower.  To  accomplish  this  it  may  be  necessary  to  transfer  some 
horizontal  components  of  stress  from  stays  to  cables  on  the  saddle,, 
which  may  be  done  through  their  frictional  resistance  to  sliding 
without  any  special  means  of  attachment. 

Instead  of  only  two  cables,  as  considered  in  the  above  discus- 
sion, there  may  be  four  or  more  cables,  divided  into  sets  of  two  in 
the  same  vertical  plane.  In  each  set  the  cables  may  be  parallel  or 
they  may  have  different  sags. 

When  the  suspension  cables  are  made  of  high-grade  steel  wire 
having  an  ultimate  strength  of  160,000  pounds  per  square  inch  and 
maximum  working  load  of  40,000  pounds  per  square  inch,  there 
will  be  great  economy  in  the  use  of  suspension  bridges.  Greater 
care  is  necessary  in  protecting  the  small  wires  used  in  cables  than 
when  larger  members  are  used. 

1008.  For  the  construction  of  highway  bridges  there  are  some 
advantages  in  using  this  type  of  bridge  for  spans  exceeding  300  or 
400  feet  in  length,  but  for  railway  bridges  it  is  not  to  be  recom- 
mended, except  for  very  long  spans,  owing  to  the  great  cost  re- 
quired to  stiffen  sufficiently  a  suspension  bridge  to  carry  the  heavy 
train  loads. 

1009.  The  East  River  Suspension  Bridge  is  designed  to  earn 
all  kinds  of  traffic,  including  railway-cars  pulled  by  means  of  endless 
wire  ropes.     In  this  bridge  there  are  four  cables,  suspended  in 
three  spans.     The  middle  or  river  span  between  centres  of  towers 
is  1595.5  feet  long,  and  the  shore  spans  between  towers  and  anchor- 
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Age  abutments  954.5  feet  each.  Each  cable  consists  of  19  strands 
of  332  parallel  steel  wires,  and  contains  therefore  6308  wires,  which 
have  a  total  ultimate  strength  of  10,730  tons.  Each  strand  is  se- 
cured with  a  7-inch  pin  of  iron  to  two  anchor-bars  H  X  9  inches.* 
The  wires  do  not  pass  around  the  pins  directly,  but  around  a  castr 
iron  shoe,  which  rests  against  the  pin,  and  which  increases  the 
curve  of  bending  from  7  to  17  inches. 

The  last  link  of  the  anchor  chain,  to  which  the  strands  are  at- 
tached, is  arranged  in  four  tiers.  In  each  link  there  are  alternately 
9  and  10  bars,  of  sizes  varying  from  3x9  inches  for  the  upper  to 
3x7  inches  for  the  lower  links.  The  pins  also  diminish  propor- 
tionally from  7  to  5  inches  in  diameter. 

About  10  or  12  feet  forward  of  the  shoe  the  two  halves  of  a 
strand  are  combined  into  one,  and  all  strands  before  leaving  the  ma- 
sonry are  squeezed  into  a  round  cable.  The  cables,  as  solid  cylin- 
ders, emerge  from  the  anchorage  masonry  8  feet  below  grade-line 
of  bridge. 

The  towers,  containing  40,000  cubic  yards  of  masonry  each,  are 
built  entirely  of  granite.  Their  dimensions  at  high-water  line  are 
140  X  59  feet,  and  on  top  below  the  cornice  126  x  43  feet.  The 
top  is  272  feet,  and  the  saddles,  in  which  the  cables  rest,  267.54 
feet  above  high  water.  The  cast-iron  saddles,  weighing  12  ton* 
each,  rest  on  43  rollers  of  3^  inches  diameter,  which  are  movable  on 
a  cast-iron  bed-plate  4^^  inches  thick  and  weighing  11  tons. 

The  anchorages  are  built  of  limestone  with  granite  corners, 
the  dimensions  at  the  base  132  X  119.33  feet,  at  ground-line  124 
X  111  feet,  and  at  top  117  X  104  feet. 

Two  arches  run  lengthwise  through  the  masonry,  dividing  it  into 
three  piers,  in  which  the  anchor  chains  are  bedded.  The  total 
height  of  the  anchorage  above  high  water  is  at  the  face  89  feet  I» 
falls  towards  the  rear  at  3i  per  cent  slope. 

The  deflection  in  the  finished  bridge  ia  124.74  feet,  below  tha 
fiaddle-plates. 

Length  of  river  span , 1595.5  feet. 

"        "   each  land  span,  930  feet 1860       " 

"        "   Brooklyn  approach 971       " 

*'        "   New  York      "         1562.5    •* 

Total  length 5989       ** 


I 
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Tidth  of  bridge 85  feet^ 

umber  of  cables 4 

iameter  of  each  cable 15^  inches. 

umber  of  wires  in  each  cable  (No.  7  gauge) 630O 

Itimate  strength  of  each  cable 11,200  tons. 

epth  of  foundation-beds  below  high  water. 45  to  78  feet. 

otal  height  of  towers  above  high  water 277    " 

lear  height  above  high  water  at  50**  P 135     " 

rade  of  roadway 3 J  per  100  feet 

eight  of  each  anchor-plate 23  tons. 

3tal  cost  of  bridge $9,000,000* 

For  a  full  discussion  of  the  construction  of  this  structure  see- 
in  Xostrand's  Science  Series,  No.  32 — "  Cables  of  the  East  Kiver 
•idge,''  by  Wilhelm  Hildenbrand,  O.E. 

SUPERSTRUCTURE   OF  THE   TOWER  BRIDGE. 


1010.  A  general  elevation  of  this  bridge  is  shown  in  Pig,  377. 
16  towers  consist  of  four  built  steel  columns,  octagonal  in  section 
3h,  and  119^  feet  in  height  from  the  bottom  of  the  bed-plates, 
ch  of  the  four  columns  is  built  of  T's,  angles,  and  plates,  and 
3  an  external  diameter  of  5J  feet.     The  plates  vary  in  thickness. 


TOWCft  BMEM}^  IPftpori  • 

Fig.  377. 

m  3-  to  }  inch.  The  columns  are  braced  together  by  the  steel 
lers  carrying  the  several  landings  and  by  a  system  of  diagonal 
ping  and  wind  struts. 

^rhere  are  two  elevators  in  each  tower  by  means  of  which  pas- 
crers  are  conveyed  to  the  several  landings  and  to  the  overhead 
tway  between  the  towers.  Staircases  are  also  located  in  each 
er.     The  steelwork  of  each  tower  is  covered  with  a  masonry 


1230  TOWER  BRIDGE,  LONDOIT. 

I 

The  shore  towers  are  similar  in  construction,  but  only  39  feet 
high.     The  masonry  housing  is  only  used  for  architectural  effect. 

Suspension  Spans, — The  two  shore  spans  are  constructed  on 

the  suspension  system.     The  suspension  frames  or  chains  consist 

of  two  rigid  segments  for  each,  with  hinged  connections  between 

the  towers  and  with  anchorage  system  at  the  shore  and  river 

owers. 

The  shorter  of  the  main  segments  measures  horizontally  106^ 
feet,  and  the  longer  190^  feet.  From  these  chains  the  roadway  is 
suspended. 

The  Bascule  Span, — This  span  is  226  feet  long  between  centres 
of  pivots,  and  is  divided  into  two  leaves,  hinged  at  the  towers  and 
disconnected  at  the  centre  of  the  span.  The  counterbalance  arms 
are  50  feet  long. 

The  span  is  cleared  by  each, of  the  leaves  revolving  on  a  hinge 
at  the  towers,  the  projecting  arms  revolving  upw^ards  towards 
the  towers  and  the  counterbalance  arms  downward  into  the  bascule 
chambers  of  the  piers.  This  general  arrangement  is  shown  in 
Fig.  377. 

High-level  Footways. — There  are  two  footways  reaching  from 
tower  to  tower  near  their  tops.  Each  consists  of  two  cantilever 
arms  with  a  suspended  centre  truss.  The  cantilevers  are  anchored 
to  the  towers.  The  ties  which  take  the  pull  of  the  chains  of  the 
suspension  spans  are  concealed  in  the  footways.  These  ties  are 
built  up  of  eight  thicknesses  of  1-inch  steel  plates  2  feet  deep.  '^ 

Expansion-bearings  on  the  shore  columns  of  the  river  towers 
and  the  river  columns  of  the  shore  towers  allow  for  the  expansion 
and  contraction  of  the  suspension  system. 

Siemens-Martin  steel  was  used  throughout  which  had  a  tensile 
strength  of  from  27  to  52  tons  per  square  inch  and  an  elongation 
of  20  per  cent  in  8  inches.  About  11,000  tons  of  steel  and  1200 
tons  of  ornamental  cast-iron  work  was  used. 

The  lifting  or  turning  of  the  bascule  span,  elevators,  etc.,  was 
effected  by  means  of  hydraulic  machinery. 

The  total  length  of  the  stmcture,  including  the  approaches,  is 
one  half  mile.  Total  height  of  towers  above  foundation-bed,  293 
feet.  There  were  used  in  the  work  235,000  cubic  feet  of  granite, 
20,000  tons  of  cement  (about  100,000  barrels),  70,000  cubic  yards 
of  concrete,  31,000,000  bricks,  and  14,000  tons  of  iron  and  steel. 

The  cost  was  apportioned  as  follows: 
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'            The  piers  and  abntmenta $653,700 

Northern  approach,  anchorage,  etc. . . .  292,380 

Southern         "                «          '"....  191,915 

Hydraulic  machinery 426,100 

Iron  and  steel  superstructure 1,685,500 

Masonry  superstructure 745,600 

Paving  and  lighting 151,600 

Total  cost $4,146,795 

For  lull  particulars  of  this  novel  and  interesting  structure,  see 
Engineering  Record,  Dec.  1893,  and  Engineering  News,  Jan.  1894. 

For  a  description  of  the  construction  of  the  foundations  and 
nasonry  see  "  Foundations,^'  paragraph  429^,  Figs.  195  {e)  to  (y), 
aclusive. 

ART.  LIU. 

SOLID  AND  BRACED   ELASTIC  ARCHES. 

1011.  The  elastic  theory  of  the  arch  has  been  developed  and 
iscnssed  by  many  writers,  and  many  efforts  have  been  made  to 
pply  this  theory  to  the  designing  of  ordinary  masonry  arches 
omposed  of  voussoirs  or  blocks  of  stone  cemented  together.  The 
inclusion  reached  had  been  that  it  could  not  be  applied  to  ma~ 
)nry  arches;  but  recently  the  question  seems  to  have  been  taken 
p  again,  and  it  is  claimed  by  some,  especially  by  German  experi- 
lenters,  that  the  theory  is  capable  of  this  application  even  to 
dinary  voussoir  arches,  but  especially  to  the  design  of  concrete 
ches,  which  has  of  late  become  so  common,  whether  with  concrete 
one  or  in  combination  with  wire  netting  or  curved  iron  beams. 

While  the  writer  does  not  propose  to  discuss  in  full  this  theory 
id  its  applications,  the  interest  lately  elicited  in  it  seems  to  demand 
e  exposition  of  some  of  the  fundamental  and  simpler  principles 
volved,  and  to  refer  the  reader  to  the  works  of  Eddy,  Greene, 
lin,  and  others  who  have  fully  developed  the  graphical  method  of 
•plying  this  theory,  and  to  Dubois  and  Johnson,  who  have  devel- 
ed  the  mathematical  or  analytical  treatment  of  solid  and  braced 

ches. 

1012.  The  term  solid  arch  is  applied  to  arches  having  a  con- 
iiioas  web  connecting  the  flanges;  the  term  braced  arch  is 
plied  to  arches  in  which  the  flanges  are  connected  by  the  usual 
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tension  and  compression  web  members.  Such  arches,  when  made 
of  iron  or  timber,  are  capable  of  supplying  tensile  or  compressiye 
resistances  and  resistance  to  bending  and  shear.  When  these  ar& 
known,  the  stresses  in  the  chords  or  flanges  and  in  the  bracing  or 
web  are  found  in  every  respect  as  if  the  structure  were  a  simple 
truss.  It  would  seem  quite  clear  that  the  theory  would  be  appli- 
cable to  concrete  arches  equally  with  those  of  iron  or  timber, 
except  that  the  modulus  of  elasticity,  coefficients  of  resistance 
to  crushing  and  tearing  apart  are  not  so  well  known,  defined,, 
or  constant  as  in  iron  and  timber;  but  within  the  limits  of  our 
knowledge  of  these  coefficients  as  applied  to  voussoir  arches^ 
the  theory  would  seem  to  be  applicable;  but  at  present  few 
engineers  would  risk  their  reputation  by  relying  upon  the  tensile 
and  adhesive  strength  of  mortar  in  the  joints  of  masonry  arches  to 
give  stability  to  the  structure,  although  it  is  recognized  that  these 
resistances  do  exist,  and  that  the  actual  stability  is  thereby  in- 
creased. The  theory  pertaining  to  solid  arches  is  therefore  only 
applicable  to  voussoir  arches  when  the  actual  curve  of  pressure  lies 
within  the  middle  third  of  the  arch-ring,  so  that  there  is  no  ten- 
sion at  any  part  of  the  joint. 

The  groat  strength  found  in  the  combined  concrete  and  iron 
arch  may  arise  from  the  great  initial  fibre  resistance  developed,  jt* 
was  mentioned  in  discussing  concrete  arches. 

For  the  clearer  understanding  of  the  elastic  theory  as  applied  to 
arches  or  curved  beams,  it  will  be  necessai^  to  explain  the  relations 
between  the  equilibrium  or  funicular  polygon  and  the  bending  mo- 
ments and  stresses  at  any  section  of  the  arch. 

Conditions  of  Fquilibrimn  of  any  System  of  Forces  in  the  same 
Plane  tcliose  Lines  of  Action  do  not  meet  in  One  Point, ^^In  para 
graph  200  it  was  seen  that  if  any  system  of  forces  in  the  same 
plane  act  through  the  same  point  and  are  in  equilibrium,  then  a 
closed  polygon  can  be  drawn  whose  sides  are  parallel  to  the  direc- 
tions of  the  forces  and  whose  lengths  are  proportional  to  the  mag- 
nitude of  the  forces;  or,  conversely,  if  any  system  of  forces  in  the 
same  plane  are  parallel  to  the  sides  of  a  closed  polygon,  and  whose 
magnitudes  are  proportional  to  the  lengths  of  those  sides,  that  such 
a  system  of  forces  will  be  in  equilibrium  and  their  lines  of  action 
will  meet  at  one  point.  This  condition  only  involves  the  two  equa- 
tions of  equilibrium,  namely,  2V  or  2,  vertical  components  equal 
to  zero,  and  2H  or  2,  horizontal  components  equal  to  sero.  This 
polygon  is  called  the  force  2^olygo7i. 
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If,  however,  the  lines  of  action  of  the  system  of  forces  do  not 
meet  in  a  common  point,  three  equations  of  equilibrium  must  be 
satisfied,  namely,  -^'  F  =  0,  2H  =  0,  and  ^M  =  0;  that  is,  the  al- 
gebraic sum  of  the  moments  of  the  forces  about  an  axis  perpendicu- 
lar to  the  plane  of  the  forces  must  also  be  zero. 

If,  as  shown  in  Pig.  378,  there  is  a  system  of  forces,  P, ,  -P, ,  P, , 
P^ ,  acting  as  shown,  we  could  find  the  resultant  of  P^  and  P,  by 


FiQs.  878. 

constructing  a  parallelogram  on  these  forces;  then  in  like  manner 
the  diagonal  with  the  next  force  P, ,  and  finally  this  resultant  with 
P^.  The  diagonal  of  this  last  parallelogram  will  be  the  resultant 
of  the  entire  system.  Or,  more  simply,  in  Pig.  378  (a)  draw  the 
force  polygon  P,,  P,,  P,,  P,,  and  then  draw  the  closing  line  02  or 
R^ ;  this  will  be  the  resultant  of  P,  and  P,;  03  or  P,  is  the  re- 
sultant of  P,  and  P3,  or  of  P,,  P,,  and  P,;  and,  finally,  draw  04  or 
P,;  this  will  be  the  resultant  of  P,  and  P^,  or  of  all  the  forces  P,^ 
P,,  P,,  and  P,,  if  it  acts  from  0  towards  4,  and  the  force  necessary 
to  produce  equilibrium  if  it  acts  from  4  to  0,  that  is,  continuously 
aroand  the  polygon  with  the  other  forces.  Then,  in  Pig.  378,  com- 
mencing at  Ay  the  point  of  intersection  of  P,  and  P,,  draw  the  line 
AB  parallel  to  Ji^  of  Fig.  378  (a)  to  intersection  with  P,  at  P;  then 
BC  parallel  to  P,  of  («),  intersecting  P^  at  0;  and  then  CD  parallel 
to  P,.  The  broken  line  ABCD  is  called  the  equilibrium  polygon; 
AB^  BC,  CDy  the  segments.  Then  for  equilibrium  the  force  poly- 
gon must  dose,  and  the  closing  line  04  or  P,  must  coincide  with 
the  last  segment  of  the  equilibrium  polygon,  the  first  giving  equi- 
librium of  translation  and  the  second  equilibrium  of  rotation. 

It  is  further  to  be  noted  that  each  segment  of  the  equilibrium 
polygon  is  the  line  of  action  of  the  resultant  of  all  the  forces  to  the 
left  of  that  segment,  namely,  P^  and  P,  to  the  left  of  AB\  P,,  P,, 
and  Pj  to  the  left  ot  BC;  etc.  Also,  it  is  the  line  of  action  of  tho 
resultant  of  all  the  forces  to  the  right  of  that  segment,  if  the  sys- 
tem of  forces  is  a  balanced  one. 
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Drawing  the  horizontal  line  Oh'  in  Fig.  378  (a)  and  the  vertical 
lines  \h  and  2h'y  it  is  evident  by  inspection  of  the  diagram  that  the 
ray  R^,  which  is  the  resultant  of  the  forces  P,  and  /%,  has  for  its 
horizontal  component  tlie  line  Oh',  which  is  equal  to  the  sum  of  the 
horizontal  components  of  the  forces  P,  and  P,,  viz.,  Oh'  —  Oh  + 
hh',  and  similarly  the  vertical  component  2h'  =  hfi  +  hj^' ;  or,  in 
words,  the  sum  of  the  horizontal  and  the  sum  of  the  vertical  com- 
ponents of  the  forces  P,,  P„  to  the  left  of  any  segment,  AB  for 
example,  of  the  equilibrium  polygon  are  equal  resi^ectively  to  the 
horizontal  and  vertical  components  or  projections  of  the  ray  or  re- 
sultant force  to  which  the  segment  is  parallel.  Similarly  the  hori- 
zontal and  vertical  projection  of  the  ray  i?,  are  respectively  equal  to 
the  sum  of  the  horizontal  and  vertical  components  of  the  three 
forces  P,,  P,,  and  P,  to  the  left  of  the  segment  BC  parallel  to  R^. 

Moments  of  the  Forces. — Taking  any  point  x  in  Fig.  378  as  the 
centre  of  moments,  then  since  -4P  is  the  line  of  action  of  the  re- 
sultant ifj  of  the  forces  P,  and  P„  it  follows  that  R^  X  orx'  is  equal 
to  the  sum  of  the  moments  of  P,  and  P,  with  respect  to  .r,  and  //,  X 
xx^  =  sum  of  the  moments  of  P^,  P,,  and  P^  with  respect  to  x.  and 
i?,  X  xx^  =  the  sum  of  the  moments  of  P,,  P,,  P,,  and  P,  with 
respect  to  x.  The  algebraic  sum  is  of  course  meant,  taking  right- 
handed  moments  as  positive  and  left-handed  as  negative.  In 
words,  the  sum  of  the  moments  of  all  the  forces  to  the  left  of 
any  segment  of  the  equilibrium  polygon  is  the  product  of  the  force 
or  ray  parallel  to  that  segment  by  the  perpendicular  distance  be- 
tween the  segment  and  the  centre  or  axis  of  moments.  Again,  if  in 
Fig.  378  we  draw  from  the  centi'e  of  moments  x  a  vertical  line  xx^y 
then  comparing  the  triangles  xx'x^  and  02//'  in  the  two  diagrams, 
they  are  both  right-angled  triangles,  and  the  angle  at  x^  is  equal  to 
the  angle  at  2,  since  the  sides  are  parallel.  The  triangles  are  then 
similar.     Hence  02  or  R^  :  Oh'  ::  xx^  :  xx', 

R,  X  xx'  =  Oh'  Y.xx^ (600) 

And  in  the  same  manner,  since  the  triangles  xyx^  is  similar  to  the 
,  triangle  03/i,,  03  :  Oh^  wxy  \  xx^\  hence 

(03)  or  P,  X  xx^  =  OK  X  a-y (601) 

From  which  we  learn  the  important  principle,  that  the  sum  of 
moments  of  the  forces  to  the  left  of  the  segment,  or  the  moments 
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of  resultants  iJ,  X  xx'  and  R^  X  xx^  are  respectively  equal  to  the 
horizontal  projections  of  the  rays  or  forces  multiplied  by  the  re- 
spective vertical  distances  from  the  centre  of  moments  x  to  the 
segments  of  the  equilibrium  polygon  parallel  to  these  rays  7?,  and 
R^y  namely.  Oh'  X  xx^  and  Oli^  X  xy.  These  principles  apply 
also  to  the  system  of  forces  on  the  right  of  any  segment  if  the  en- 
tire system  of  forces  is  a  balanced  one. 

It  can  be  readily  determined  whether  these  moments  are  right- 
handed  or  left-handed,  since  the  segments  are  the  respective  lines 
of  action  of  the  resultants  whose  directions  are  indicated  by  follow- 
ing the  force  polygon  around.  In  the  triangle  01,'^,  01  or  P^  acts 
to  the  right  from  0  to  1,  2,1  or  P,  acts  from  1  towards  2;  and  since 
J2,  is  the  resultant  it  must  apt  in  contrary  direction,  that  is,  from 
O  towards  3  or  from  A  towards  B^  producing,  therefore,  a  right- 
handed  moment  about  x.  If  i?,  acts  from  2  towards  0,  it  would  be 
€qual  and  opposite  to  P,  and  P„  or  rather  their  resultant,  and  pro- 
duce equilibrium.  Since  7?,  acts  from  0  towards  2,  2,3  or  /*,  from 
2  towards  3,  then  the  resultant  of  P, ,  P, ,  and  P,  =  03 ;  or  /?, 
must  act  from  0  towards  3  or  J5  towards  C,  also  producing  a  right- 
handed  moment,  and  so  on. 

1013.  Parallel  Forces, — If  the  forces  are  all  parallel,  and  ac- 
cording to  the  usual  assumption  also  vertical,  the  reactions  will  also 
be  parallel  and  vertical.  The  force  or  load  polygon  becomes  a  ver- 
tical line,  the  forces  or  loads  acting  downwards  and  the  two  reac- 
tions acting  upward,  and  together  equal  to  the  sum  of  the  loads. 
The  rays  or  resultant  forces  parallel  to  the  segments  of  the  equilib- 
rium polygon  all  radiate  from  the  same  point,  and  terminate  in  the 
load  line  at  the  respective  extremities  of  the  single  forces.  In  this 
case,  instead  of  each  ray  having  its  own  and  separate  horizontal  pro- 
jection a  single  line  will  be  the  common  horizontal  component  or 
projection  of  all  rays,  whatever  may  be  their  inclination.  Let  ACB 
be  any  structure  loaded  with  vertical  forces  W^  to  }l\,  equal  or  un- 
equal, as  indicated  in  Fig.  379.  Then  in  Pig.  379  {b)  draw  the  force 
polygon  0,5,  the  load  line  divided  into  segments  representing  the 
loads,  viz.,  0,1  =  W^,  1,2  =  F, ,  etc.  Then  from  any  point  0, 
<^alled  the  pole,  draw  00  and  05  to  the  extremities  of  the  load  line. 
These  are  evidently  the  components  in  these  directions  of  the  total 
load,  and  if  assumed  to  act  in  the  directions  indicated  by  the 
arrows  Oand  C"  in  Fig.  379  (a),  will  hold  in  equilibrium  the  loads 
Wj  to  W^;  or  they  can  be  taken  to  replace  a  force  equal  to  the 
resultant  of  the  loads,  but  acting  in  the  opposite  direction,  that  is^ 


1236 


THE   EQUILIBRIUM  POLYGOK* 


upward,  and  therefore  holding  the  loads  in  eqnilibriam.  As  the 
position  of  the  pole  0  is  entirely  arbitrary^  we  can  thns  divide  the 
resultant  into  any  two  directions, — these  components  C  and  6'  or 
00  and  05,  respectively.  Then  in  diagram  {b)  draw  a  series  of  radi- 
ating lines  from  0  to  the  points  1,  2,  3,  and  4,  which  divide  the 
load  line  into  the  separate  loads  assumed  to  be  unequal  in  the  dia> 


>.  IwJ^'tw.  ^w. 


Wg    I 


grams.  We  can  now  construct  the  equilibrium  polygon  A'bcdefB'y 
taking  any  point  A'  vertically  below  A  and  drawing  the  line  0 
parallel  to  00,  producing  it  to  intersection  with  the  vertical  W^  at 
b.  A'b  is  the  first  segment;  then  from  b  a  line  parallel  to  01  to 
intersection  at  c  with  W^  prolonged,  be  is  the  second  segment;  and 
so  on  to  the  point  B\fB'  being  the  last  segment  and  parallel  to 
the  component  05,  C  representing  the  direction  of  action  of  0,5 
when  equilibrium  is  assumed.  We  can  now  divide  the  components 
C  and  (y  into  vertical  components  and  into  components  acting 
along  the  closing  line  A'B'  simply  by  drawing  in  (^)  a  line  OL 
parallel  to  A'B\  For  the  joint  A'  the  force  or  stress  polygon 
is  OOi/,  and  for  B'  the  stress  polygon  is  0/^5,  OL  being  the  equal 
and  opposite  forces  acting  along  the  closing  line  A'B',  OL  and  Lb 
the  vertical  reactions  at  A  and  B,  respectively. 

Taking  the  segment  A'b  in  (a),  the  only  vertical  force  acting  to 
the  left  of  this  segment  is  72,  =  OL  in  (J),  and  to  the  left  of  the 
segment  be  in  (a)  the  vertical  forces  are  R^  acting  upward  and  W, 
downward.  Their  sum  (algebraic)  is  therefore  R^  —  H',  =  L\  in 
(b).  Therefore  when  the  ray  OL  has  been  drawn  parallel  to  the 
closing  line  A'B',  the  sum  of  the  vertical  forces  (or  the  sum  of  the 
vertical  components  for  inclined  forces)  acting  to  the  left  of  any 
segment  is  represented  by  the  vertical  distance  on  the  line  of  loads 
from  L  to  the  extremity  of  the  ray  parallel  to  that  segment.  The 
sum  of  the  horizontal  components  is  zero. 
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Moments  about  any  point  are  found  as  in  the  preceding  para- 
graph. The  moments  of  the  forces  to  the  left  of  any  centre  x 
would  be  the  vertical  distance  x'y  multiplied  by  the  horizontal 
projection  of  the  ray  to  which  that  segment  is  parallel^  which  in 
diagram  {b)  is  the  horizontal  line  OH,  the  common  projection  for 
:all  rays  with  vertical  forces,  that  is,  the  sum  of  the  moments  of  the 
forces  i2,  and  W^  acting  to  the  left  of  the  segment  be  =  M  =  OH 
X  x^y,  and  similarly  for  the  sum  of  the  moments  of  the  forces  i?, , 
FT, ,  and  Jf,  to  the  left  of  cd  about  a:,  :=  Jf'  =  OH  x  x^',  etc. 
The  line  OH  is  called  the  pole  distance  of  the  force  polygon. 

For  vertical  forces,  therefore,  the  sum  of  all  of  the  moments  of 
the  external  forces  to  the  left  or  right  of  any  segment  about  any 
axis  is  equal  to  the  vertical  distance  intercepted  between  the  closing 
line  and  the  segment  of  the  equilibrium  polygon  multiplied  by  the 
pole  distance  of  the  force  polygon.  This  is  true  whether  the  point 
x  or  centre  of  moments  is  vertically  opposite  the  segment  or  the 
segment  produced.  From  Fig.  379  (a)  the  sum  of  the  moments  of 
Ji^  and  W\  to  the  left  of  the  segment  be  is 

M=x'yxOH; (602) 

and  the  sum  of  the  moments  of  the  forces  -B, ,  W^,  and  PF,  about 
the  same  point  x, 

M,  =  x^xOH, (603) 

x^  being  the  vertical  distance  from  the  segment  cd  produced. 
Consequently 

M^  -  Jf  =  x'x,  XOH (604) 

is  the  moment  of  the  single  force  about  x.  In  general  the  moment 
of  any  single  force  about  any  point  is  equal  to  the  vertical  distance 
passing  through  the  centre  of  moments  (x)  and  intercepted  between 
the  two  segments  parallel  to  the  two  components  of  the  single  force 
multiplied  by  the  pole  distance.  This  is  known  as  Culmann's 
Principle. 

The  above  principles  are  applicable  to  any  structure,  and  after 
constructing  the  force  diagram  {b)  and  the  equilibrium  polygon  {a) 
'  we  at  once  pass  to  the  moment  at  any  point.  The  structure  may 
be  a  beam,  or  a  roof  or  bridge  truss.  Other  methods  have  been  used 
in  structures  of  these  kinds,  and  its  special  application  to  bent 
beams  and  metallic  arches  for  bridge  or  roof  trusses  will  be  alone 
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given.  Ordinarily  the  scale  to  which  the  force  polygon  is  drawu 
will  be  different  from  that  to  which  the  scale  of  the  eqailibrinm 
polygon  is  drawn.  Hence  the  numerical  value  of  the  pole  dis- 
tances in  pounds  or  tons  must  be  obtained  from  the  scale  of  the 
force  polygon,  and  the  length  of  the  vertical  ordinate  in  units  of 
distance,  feet,  or  inches  must  be  deduced  from  its  own  scale. 

The  position  of  the  resultant  of  all  or  any  portion  of  the  sepa- 
rate forces  can  readily  be  found. 

If  the  forces  are  not  parallel,  the  resultant  in  force  polygon  will 
always  be  represented  by  the  line  necessary  to  close  the  polygon  in 
magnitude  and  direction.  For  parallel  forces  the  resultant  is  par- 
allel to  the  forces  in  direction  and  equal  to  their  sum  in  magnitude. 
If,  then,  we  can  find  one  point  on  the  line  of  action  of  the  result- 
ant, it  will  be  completely  determined.  For  the  entire  system  of 
forces,  whether  inclined  or  parallel,  the  directions  of  the  extreme 
forces  are  the  same  as  those  of  the  first  and  last  segments  of  the 
equilibrium  polygon,  as  (7  and  C"  in  Fig.  379  (a);  and  as  these  are 
the  two  components  of  the  resultant,  their  intersection  z  is  one 
point  on  the  line  of  action  of  the  resultant.  Similarly,  for  the 
resultant  of  the  loads  W^,  W^y  and  FT,,  one  point  on  its  line  of 
action  would  be  the  intersection  of  the  segments  A'b  and  cd  to  the 
left  and  right  of  the  forces. 

We  have  already  seen  that  the  position  of  the  pole  0,  or  the 
direction  of  the  closing  line,  is  immaterial.  It  may  be,  however^ 
sometimes  desirable  to  have  the  closing  line  J'J?',  Fig.  3T9  (a),  par- 
allel to  AB,  that  is,  to  the  axis  of  a  beam  or  bottom  chord  of  a 
truss,  or,  commonly  speaking,  horizontal.  It  is  only  necessary  to 
construct  the  diagram  (6),  locating  the  point  L  as  has  already  been 
done.  Then  through  L  draw  a  line  parallel  to  the  beam  or  chord, 
placing  the  new  pole  0'  anywhere  on  this  line.  Draw  the  rays 
from  0'  to  the  same  points  on  the  load-line,  and  with  these  con- 
struct a  new  equilibrium  polygon.  Then  the  closing  line  will  be 
parallel  to  AB.  In  choosing  the  pole  distance  or  the  position  of 
the  pole,  all  that  is  required  is  to  give  well-defined  angles  of  inter- 
section between  adjacent  segments  of  the  equilibrium  polygon.  If 
we  double  the  distance  OH,  we  will  halve  the  ordinates  of  the  equi- 
librium polygon,  and  vice  versa;  so  that  in  any  case,  so  long  as  the 
pole  is  on  the  same  line  OH,  the  product  of  the  pole  distance  and 
the  ordinate,  that  is,  the  moment  of  any  point  on  any  vertical  line, 
will  be  constant.  Again,  we  can  adopt  such  a  scale  that  the  length 
of  the  ordinate  of  the  equilibrium  polygon  gives  the  moment 
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direct.  Since,  under  vertical  forces,  the  sum  of  the  moment  of  all 
the  forces  to  the  left  or  right  of  the  segment  he  ahout  any  point 
in  the  vertical  line  xx^  is  Jf  =  x'y  x  OH,  and  assuming  that  the 
scale  of  the  force  polygon  is  5000  pounds  to  the  inch,  then  OH  = 
2  inches,  equivalent  to  10,000  pounds,  and  the  scale  of  the  equi- 
librium polygon  is  40  feet  to  the  inch;  then  x'y=^i  inch,  equivalent 
to  10  feet;  then  .¥  =  10  x  10,000  =  100,000  foot-pounds. 

Then  by  simply  changing  the  scale  of  the  equilibrium  polygon, 
80  that  the  vertical  ordinates  may  represent  40  x  10,000  =  400,000 
pounds  to  the  inch,  the  length  of  any  ordinate  then  gives  at  once 
the  moment  at  any  point  along  that  ordinate.  If  we  want  the  mo- 
ment at  the  section  SS',  Fig.  379,  the  ordinate  x^y'=  f  inch;  hence 
the  moment  is  f  x  400,000  =  150,000  pounds.  The  moments  at  A 
and  B  are  zero.  The  equilibrium  polygon  is,  therefore,  a  moment 
polygon. 

1014.  Arches  of  Metal. — Under  the  head  of  Arches  of  Metal  or 
Timber  may  be  classed  curved  beams  of  iron  or  steel  and  of  timber. 
These  may  have  either  open  or  solid  webs,  with  flanges  or  chords 
or  curved  trusses.  With  reference  to  their  design  and  modes  of 
support,. arches  may  be  (I)  hinged  at  three  points,  namely,  at  the 
two  abutments  and  at  the  crown;  (2)  hinged  at  the  abutments 
only;  (3)  fixed  rigidly  at  the  abutments  and  continuous  between 
them. 

In  paragraph  978  it  was  shown  that  a  truss  or  arch  hinged  at 
three  points  could  be  treated  as  two  independent  trusses,  and  that 
the  reactions  and  stresses  could  be  found  by  the  ordinary  methods. 
As  the  truss  is  free  to  turn  at  the  hinges  or  pins,  the  moments  at 
these  points  are  zero.  The  equilibrium  polygon  must  then  pass 
through  these  points.  Let  Fig.  380  be  any  curved  beam  hinged  at 
Ay  Cy  and  B,  and  acted  upon  by  any  single  load  u\.  To  draw  the 
equilibrium  polygon  it  is  only  necessary  to  draw  the  segment 
through  the  points  B  and  C  to  intersection  with  the  line  of  action 
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of  the  load  w^  at  ?/;  then  from  //  draw  the  other  segment  to  A. 
The  force  polygon  is  given  in  Fig.  380  (a),  in  which  OH  is  the 
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pole  distance,  00  is  the  ray  parallel  to  the  segment  Ay,  and  01  is 
the  ray  parallel  to  yB;  OH  is  the  vertical  reaction  at  A,  aud  IH 
that  at  B;  OH  is  the  common  horizontal  component  or  the  hori- 
zontal reaction  at  A  and  B.  These  are  the  components  of  the 
reactions  00  and  01. 

Let  /'  be  the  half  span,  r  the  rise,  and  —  z  the  horizontal  dis- 
tance between  Oaud  the  point  of  application  of  any  load  w,.  Then, 
from  the  principle  of  the  lever. 


R,:w'::V  -i'z:2l';    .\  R,  =  ^^^^^  +  \ 


.     (605) 


Taking  the  centre  of  moments  at  0,  and  considering  the  por- 
tion of  the  truss  AC,  we  have 

R,Xl'-Hxr  +  w,Xz  =  0',    ...  ^^^iXT+t^,  Xg     ^^^^ 

T 

Substituting  value  of  R^, 

^=„.?:(^  +  !?i2L!  =  !M^.    .   .   (607) 

For  a  load  on  the  portion  BC  at  the  same  distance  from  0,  £, 
would  become  iZ„  and  vice  versa;  and  as  no  loads  are  on  AC, 

R,xV=^Hxr;    .-.  ^  = 'i^il^II^.       .    .    (608) 

In  the  above  equations  distances  to  the  right  of  C  are  essentially 
positive,  those  to  the  left  negative. 

The  above  calculations  are  to  be  made  for  each  separate  load. 
The  total  vertical  reaction  =  2R^  and  2R^,  and  horizontal  com- 
ponents 2^H.  The  components  of  the  reactions  being  found,  the 
stresses  can  be  found  by  moments  or  otherwise. 

1015.  The  position  of  loads  for  maximum  stresses  can  be  read- 
ily found,  recollecting  that  the  segments  x^A  and  x^B  (see  Fig. 
381)  are  the  lines  of  action  of  the  components  of  the  load  w,,  and 
^^  and  xB  those  of  the  load  w^  when  acting  towards  A  aud  B 
respectively,  and  produce  equilibrium,  or  are  the  lines  of  action  of 
the  reactions  when  acting  towards  a;,  and  x  respectively,  these 
lines  passing  through  the  panel  points  D  and  F.  Considering  the 
panel  DEFG,  the  stress  inDO  has  its  centre  of  moments  at  F.    It 
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is  therefore  clear  that  any  load  acting  through  x  has  no  moment 
about  Fy  since,  cutting  the  members  DG,  DF,  and  FF  with  the 
yertical  plane  SS',  the  only  acting  force  is  the  reaction  whose  line 
of  action  zA  passes  through  F»  Therefore  no  stress  can  be  deyel- 
oped  in  DE  by  the  load  w,. 


Figs.  881. 


For  loads  between  x  and  F  the  line  of  action  of  the  reaction 
will  be  above  F,  and,  as  this  force  acts  towards  x,  its  moment  will 
be  right-handed  about  F,  to  balance  which  the  stress  in  DG  must 
act  towards  the  left,  or  inwards  on  DG  towards  D,  causing  com- 
pression. For  loads  between  D  and  A  the  only  force  acting  on  the 
right  of  DG  18  the  reaction  at  B  acting  along  Bx,  evidently  causing 
compression  in  DG,  Therefore,  for  maximum  compression  inDG, 
the  load  should  extend  from  A  to  x;  and  as  Ax  is  the  line  of  zero 
moment,  all  loads  between  x  and  B  produce  tension  in  DG,  and, 
provided  that  only  this  portion  of  the  arch  is  loaded,  is  the  condi- 
tion for  maximum  tension  in  DG. 

For  stress  in  EF  the  centre  of  moments  is  D.  The  line  of  zero 
moments  for  this  point  is  x^A.  For  all  loads  to  the  left  of  x^  the 
line  of  actidn  of  the  reaction  is  above  D,  and  its  moment  would  be 
right-handed  with  respect  to  D;  the  moment  of  the  stress  in  EF 
then  must  be  left-handed,  that  is,  the  stress  must  act  outwards  from 
E,  causing  tension.  For  all  loads  on  the  right  of  x^  the  line  of 
action  of  the  reaction  passes  below  D,  giving  left-handed  moments 
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aboat  D^  and  therefore  the  stress  in  EF  must  act  inwards  towards 
E,  causing  compression  in  EF, 

If  X  should  be  found  to  the  right  or  below  the  hinge  C^  then  all 
loads  produce  compression  in  DG,  since  all  reaction  lines  would  be 
above  Ax,  the  lowest  possible  reaction  line  at  A  having  to  pas? 
through  C. 

To  find  the  stress  in  DO  for  any  load  at  a?,,  the  only  acting 
force  to  the  left  of  the  section  SS'  is  the  reaction  represented  in 
magnitude  by  the  line  00  in  Fig.  381  (ft),  and  in  direction  by  Ax^y 
Fig.  381.  It^  moment  ie  then  00  x  DF,  DF  being  the  perpen- 
cular  distance  from  Ax^  to  the  centre  of  moments  F,  The  momeut 
of  the  compression  in  Z>6r  is  the  stress  multiplied  by  Fd\  hence  the 
stress  is 

J^G  =        p^ (609) 

Finding  the  stress  m  DO  for  loads  at  each'  of  the  panel  points 
from  A  to  .T  in  the  same  manner,  the  sum  of  all  these  partial 
stresses  will  give  the  maximum  compression  in  DO, 

For  any  load  between  x  and  C  draw  a  line  from  the  intersection 
of  the  line  of  action  of  the  load  and  BC  to  A.  This  line  will  pass 
below  F,  and  will  be  the  line  of  action  of  the  reaction ;  its  magni- 
tude will  be  found  as  for  00,  and  its  moment  will  be  00  x  the  per- 
pendicular let  fall  from  F,  This  moment  divided  by  Fd  gives  the 
tension  in  DO  for  that  load.  For  any  load  to^  acting  at  u'  the  re- 
action line  at  A  would  be  ACx^y  and  would  have  same  direction  for 
any  and  all  loads  to  the  right  of  0;  consequently  itslever-ann  would 
be  the  same  for  all  such  loads,  and  equal  to  Fy'  for  tensile  stress  in 
DO,  The  magnitude  of  the  reaction  would  have  to  be  found  for 
each  load  either  analytically  or  by  diagram.  The  force  diagram  for 
the  load  tt\  is  shown  in  Fig.  381  (ft),  02  being  the  reaction  at  .^Ijand 
AO  its  direction.     Therefore  tensile  stress  for  this  load  in  DG  is 

Tension  in  DO  =  ^^^  ^f^' (610) 

The  sum  of  these  partial  tensions  for  each  load  to  the  right  or 
X  gives  maximum  tension  in  DO, 

For  the  stress  in  the  chord  segment  EF  the  centre  of  moments 
is  D\  and  recollecting  that  all  loads  to  the  left  of  x^  cause  tension 
in  EF,  while  all  loads  from  x^  to  B  produce  compression,  the 
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maximnm  of  each  kind  of  stress  is  determined  in  a  similar  manner 
to  that  in  DG. 

For  either  system  of  loads  we  could  construct  the  equilibrium 
polygon  for  that  system  and  find  the  moment,  by  Culmann's  prin- 
ciple, for  a  single  load,  or,  by  the  general  method,  for  the  entire  sys- 
tem at  any  point.  Applying  Culmann's  principle  for  the  moment 
about  the  point  F,  prolong  Bx^  to  intersection  with  the  vertical 
through  F.  So  much  of  this  vertical  as  is  included  between  Bx^  pro- 
duced and  Ax^ ,  multiplied  by  the  pole  distance  OtTy  will  be  the 
moment  for  w,  at  F,  This  is  readily  seen  by  comparing  figures  {a) 
and  {b).  From  {h)  the  moment  of  w,  about  F  i&w^X  q^  and  from 
the  similarity  of  the  triangles  zx^F^  and  023, 

OIV  :  2,  3,  or  w,  ::  q  :  zF\ 
hence 

OH'  X  zF=^  w,xq=  02X  Fy\  .    .    .    (610^) 

This  is  really  another  proof  of  the  Culmann  principle.  The 
general  method  of  the  use  of  the  equilibrium  polygon  in  finding 
moments  will  be  explained  in  next  paragi*aph. 

To  find  the  stress  in  the  diagonal  i>^cut  by  the  section  SS' :  All 
loads  from  D  to  A  cause  compression  in  DF,  whereas  all  loads 
from  F  to  B  cause  tension.  It  is  only  necessary  to  find  the  stress 
for  each  load  from  A  to  D.  Their  sum  will  give  maximum  com- 
pression, and  the  stress  for  each  load  from  F  to  B  added  together 
will  give  maximum  tension.  These  stresses  are  more  easily  found 
graphically  than  by  moments.  We  can  find  the.  stresses  in  the 
chord  segments  DG  and  EF  bs  already  explained,  taking  that  con- 
dition of  loading  which  causes  maximum  stresses  in  the  diagonal 
DF.  Knowing  the  angle  of  inclination  of  these  chord  segments  to 
a  vertical,  we  can  find  the  vertical  components  of  these  stresses. 
The  vertical  shear  in  the  panel  from  loads  between  A  and  D  will  be 
the  vertical  reactions  minus  the  loads,  and  for  loads  from  F  to  B 
the  vertical  shear  will  simply  be  the  vertical  reaction  at  A.  The 
algebraic  sum  of  these  components  and  shears  for  either  system  of 
loads  will  be  the  vertical  component  of  the  stress  in  DF,  from  which 
the  stress  follows  at  once. 

In  the  three-hinged  arch  the  hinges  may  be  placed  at  any  three 
points.  For  loads  between  C  and  B  the  vertices  of  the  polygons 
will  all  be  on  the  line  CA  produced;  that  is,  one  of  the  reaction 
lines  will  coincide  in  direction  with  CA,  but  the  magnitudes  of  the 
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reactions  will  vary  with  the  position  of  the  load.  For  loads  on  AO 
the  diagram  will  be  reversed ;  that  is,  all  of  the  vertices  of  the  poly- 
gons will  be  on  a  line  drawn  through  B  and  C. 

The  equilibrium  polygon  must  pass  through  the  three  hinges, 
and  is  consequently  fixed  in  position,  since  no  bending  moment  ia 
found  at  these  points. 

For  any  system  of  loading  an  equilibrium  polygon  can  be  con- 
structed for  the  entire  system.  But  it  will  in  general  be  easier  to 
find  the  effect  of  a  single  load  at  successive  points  and  combine  their 
effects  than  to  treat  several  or  all  of  the  loads  together.  For  single 
loads  the  equilibrium  polygon  is  composed  of  two  straight  lines,  and 
with  three  hinges  the  direction  of  these  lines  is  at  once  located,  as 
fully  shown  in  the  preceding  discussions. 

One  great  advantage  of  the  three-hinged  arch  is  that  changes  of 
temperature  do  not  have  any  straining  effect.  The  crown  rises  and 
falls  without  seriously  affecting  the  conditions  of  strains  in  the  two 
halves  of  the  arch.  If  the  crown  sinks  a  little,  the  value  of  the 
horizontal  component  of  the  reaction  will  be  slightly  increased. 
The  equilibrium  polygon  will  move  with  the  curve  of  the  arch. 

1016.  Stresses  Determined  by  means  of  the  Equilibrium  Fol^ 
jgon, — Arches  without  hinges,  or  with  only  two  hinges  at  the  abut- 
ments, are  more  diflScult  to  discuss,  since  we  know  neither  the  di- 
rection of  action  nor  the  magnitude  of  the  reactions.  In  such  cases 
the  reactions  depend  not  only  upon  the  magnitude  of  the  loads, 
which  are  usually  assumed  to  be  vertical,  but  also  upon  the  form  and 
material  of  the  arch. 

Assuming,  for  the  present,  that  the  directions  of  the  reaction* 
are  known,  that  the  arch  has  four  loads  acting  upon  it,  namely. 


\T02^ 


r 


\rT; 


,«  w, 


A   H 


w; 

^f. 

^TT^B 

Figs.  3( 

)d. 

^„  ^„  W^y  and  }r„  as  in  Fig.  382,  then  in  Fig.  382  (a)  draw 
the  load  line  04,  and  divide  it  into  segments  01  =  PT,,  1, 2  =  ^,> 
etc.  Then  draw  the  lines  00  and  04  parallel  to  the  reaction  lines 
Ac  and  Bg,    From  the  pole  0  thus  found  draw  the  radiating  lines 
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01,  02,  03.  The  equilibrium  polygon  AcdegB  is  drawn  as  already- 
explained.  Any  segment  of  this  polygon  being  the  line  of  action 
of  the  resultant  of  all  the  forces  to  its  right  or  left,  we  have  for  the 
direction  of  the  resultant  of  00  and  TT,  the  segment  cd,  and  for  its. 
magnitude  the  parallel,  say  01.  For  the  forces  00,  W^,  and  W^, 
02  is  the  magnitude  of  the  resultant,  and  de  its  line  of  action. 

Taking  a  portion  of  the  arch  to  the  left  of  the  section  qq', 
whether  an  open  truss  or  a  plate  girder,  between  the  points  d  and  e 
as  shown  in  Figs.  383  {a)  and  (b),  we  can  assume  that  the  single  force 
02  acting  along  the  line  de  will  produce  the  same  stresses  as  actu-^ 


d  08"T  .  e  d 

•    I  >  I    ■I' 


sp-^X 


02-T 


Fias.  888. 

• 

ally  caused  by  the  force  00,  or  its  component  J?j  and  H,  and  the 
loads  W^  and  W^.  This  force  02  must  then  be  in  equilibrium  with 
the  stresses  at  the  section.  These  stresses  may  be  taken  as  consist- 
ing of  a  uniformly  distributed  stress  or  thrust  G  acting  in  the  direc- 
tion of  the  tangent,  a  shear  S  at  right  angles  to  C,  and  a  bending^ 
moment  M.  If  a  is  the  angle  between  the  stress  G  and  the  seg- 
ment de,  then 

G-  Tcosa;    S-  T sin  a;    and    M^OffXz;     (611) 


in  which  T  =  02,  OH  the  pole  distance,  and  z  the  vertical  line 
between  the  segment  de  and  the  centre  of  moments. 

In  a  solid  beam  the  fibre  stresses  result  directly  from  the  above 
equations.  Thus  the  thrust,  shear,  and  bending  moment  are  easily 
and  rapidly  found  after  drawing  the  equilibrium  polygon.  For 
any  section  of  the  arch  between  e  and  g,  T  would  be  represented  in 
magnitude  by  03  and  in  direction  and  position  by  eg\  a'  would  be 
the  angle  of  the  tangent  to  the  curve  at  the  section  and  the  line 
eg\  z  would  be  the  vertical  from  the  arch  line  to  the  segment  eg. 
(See  right  half  Fig.  382.) 

For  a  braced  arch,  as  in  Fig,  383  (a),  and  a  plate  girder  (S)  cut 
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by  the  section  qq' :  Taking  moments  about  Fy  and  dividing  by  the 
depth  d  of  the  truss,  we  find  at  once  the  stress  in 

DG  =  ^^^  ^\    and  the  stress  in  ^J^=^^i-\    {61J^) 

The  shear  in  the  panel  /S  =  y  sin  or,  as  given  above. 

In  these  cases  the  flanges  are  assumed  to  resist  the  entire  direct 
tress  and  bending  stress,  and  the  web  resists  the  shear.  If  the 
chord  segments  D(}  and  EF  are  not  parallel,  then  the  stress  in  the 
brace  DF  must  be  found  by  taking  the  moment  of  the  resultant  T 
about  their  point  of  intersection  and  dividing  by  the  lever-arm  of 
DF  with  respect  to  the  same  point.  In  the  plate  girder  the  shear  is 
assumed  to  be  uniformly  distributed  over  the  sectional  area  of  the 
web-plate. 

1017.  Deflection  of  a  Chirved  Beam, — It  would  be  beyond  the 
scope  of  this  work  to  enter  into  a  full  discussion  of  the  deflection 
of  a  curved  beam,  and  the  vertical  and  horizontal  components  of 
the  motion  of  any  point  of  the  beam,  the  change  of  position 
arising  from  whatever  cq.u8e.  Therefore  only  a  few  of  the  equa- 
tions and  their  applications  will  be  given.  For  a  full  discussion  of 
these  matters  the  reader  is  referred  to  the  works  of  Prof.  C.  E. 
•Greene,  "Trusses  and  Arches;"  Wm.  Cain,  "Theory  of  Solid  and 
Braced  Elastic  Arches \'  J.  B.  Johnson,  "  Modern  Framed  Struc- 
tures;" and  A.  Jay  Dubois,  "Strains  in  Framed  Structures." 

Let  M  be  the  moment  of  the  external  forces  on  one  side  of  the 
section  about  a  point  in  the  neutral  axis;  /the  moment  of  inertia 
of  the  section;  E  the  coefficient  of  elasticity  of  the  material;  ds 
the  original  length  of  the  fibre  at  a  distance  y  from  the  neutral 
axis;  da  an  elementary  area  of  the  cross-section;  dO  the  central 
angle  between  the  normal  sections  at  the  two  ends  of  d$\  A4>  the 
change  in  angle  between  the  end  faces  or  end  tangents  due  to  bend- 
ing; then  the  angle  included  between  a  tangent  to  the  neutral  axis 
of  a  curved  beam  when  not  strained  and  the  tangent  at  the  same 
point  after  deflection  will  be  given  by  the  equation 


~  J  A    E 


^0=    ]     ~ (C13) 


This  value  of  J0  is  readily  found  as  follows:  In  Fig.  384  (a)  is 
shown  an  originally  bent  beam,  AB  being  any  portion  of  it.  As  it 
is  desired  to  find  the  relative  movement  of  any  point  A  with  respect 
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to  B,  we  may  consider  the  end  B  aa  not  moTing  aiider  the  deflec- 
tion.    The  deflected  beam  is  then  shown  in  A'B. 

The  tangents  to  the  cnrved  beam  at  the  points  A  and  B  make 
the  angle  f  witli  each  other  before  deflection,  and  those  at  A'  and  B 


FiQB.  SS4. 

the  angle  8  +  A^  after  deflection,  the  point  A  moving  to  A',  the 
components  of  this  motion  being  ^y  and  ^x. 

It,  now,  we  consider  an  indefinitely  small  portion  of  this  beam 
drawn  to  h  larger  scale,  as  shown  in  diagram  {!/)  included  between 
two  normal  sections  CF  and  L6.  After  deflection  the  face  LQ 
assnmes  the  position  D'E'.  For  the  original  length  of  any  fibre 
whose  distance  from  oo'  is  y,  the  inclination  of  the  end  tangents  is 
dd,  and  the  inclination  of  the  tangents  at  0  before  and  after  deflec- 
tion will  be  d<p. 

The  change  in  the  length  of  ds  (either  an  incremeut  or  decre- 
ment, according  aa  it  is  above  or  below  oo')  is  yd<p,  and  since  the 
total  alteration  in  length  is  yd<p,  the  alteration  per  unit  of  length 


ds 


=  strain.     Then  if  /  is  the  corresponding  stress  and  E  the 


coeflBcient  of  elasticity,  then 

^  _  stress  _    /   , 
strain        d<p' 


The  stress  per  elementary  area  da  =  fda,  the  elementary  moment 
fday,  and  total  moment  of  resistance  for  the  entire  section 


LB  =  fjia,^J°EyU% 


Equating  this  to  the  bending  moment  at  the  section  of  the 
external  forces  M,  aud  noting  that  E  is  constant  for  the  same 
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material,  and  -j-  is  also  coDstant  for  any  particular  section,  and 
y^da  is  the  moment  of  inertia  of  the  section,  then 

Since  J0  is  the  entire  change  of  inclination  of  the  tangents  at 
A  and  B^  then 

J<p  =  Jd<f>  =  J^^,      .    .     .    (613(a)) 

which  is  the  same  as  equa.  (613). 

If,  then,  we  divide  the  segment  BA  of  the  beam  into  any  num- 
ber of  equal  lengths,  each  equal  to  ds,  and  assume  that  the  total 
change  of  position  AA'  is  effected  by  the  bending  of  each  ds  suc- 
cessively, we  can  find  that  portion  due  to  the  bending  of  the  first 
segment  BC  =  ds,  as  follows:  The  bending  of  BC  through  the 
angle  d(f>  causes  the  point  A  to  deflect  through  the  distance  AA^  = 
dv,  turning  through  the  same  angle  £^0  with  a  radius  r  about  (f.  If  J? 
and  1/  are  the  co-ordinates  of  (7,  dx  and  dy  will  be  the  components 
of  dv.    From  similar  triangles  dy  :dv  ::  x  :r,  and  dxidv  ::y:  r; 

xdv 
dy  = ,  and  since   dv  =  rrf0,   dy  =  zd<f>\  dx  =  yd0.     Substi- 

Mds 
tuting,^0=  ^j-;   and  noting  that  Jy  ^fdy   and  ^x^fdxy 


Mxds 


EI 
Myds 


(614) 


we  have  ^y  =   j  dy  —   j     xd(f>  =     / 

Ja?  =   I  dx=   I    yd(p  =    /     - 

It  is  to  be  observed  that  in  all  of  the  above,  owing  to  d4^  being 
very  small,  the  arc  itself  has  been  used  instead  of  its  tangent. 

Equations  (613)  and  (614),  giving  values  of  J0,  Ay,  and  Axy 
which  are  unknown  quantities,  can  be  used  in  finding  reactions  or 
in  locating  the  position  of  the  resultant  at  any  section  only  by  mak- 
ing certain  assumptions. 

If,  for  instance,  we  assume  that  the  tangents  of  an  arch  at  the 
abutments  are  fixed  in  direction,  then 


EI 


A<t>^     r^=0; (615) 
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and  further,  if  no  horizontal  or  vertical  displacement  can  occur,  i.e., 
for  an  arch  with  ends  fixed,  then  also 


^^  ~  /  "^T  ^  ^'  ^^^  ^y=  j 


Mxds 


=  0. 


(616) 


For  an  arch  hinged  at  the  abutments  and  continuous  between 
them,  only  the  horizontal  component  of  the  motion  of  A  is  zero; 
that  is, 


Jx 


=£^='' («i^) 


and  if  the  arch  is  hinged  at  some  intermediate  point  and  fixed  in 
direction  at  the  ends,  the  horizontal  and  vertical  displacements 
of  the  hinged  point  C  for  the  part  A  C  must  be  the  same  as  for 
the  part  B(/,    Hence  we  have 


^x 


and 


_    /*  Myds  _    j 


EI 


Myds 
"ET' 

A 


ji  C   Mxds  C 


Mxds 


(618) 


the  origin  of  co-ordinates  being  taken  at  C\ 

If  the  arch  is  fixed  in  direction  at  one  end,  but  hinged  at  the 
other, 


r^=«'-/ 


Mxds 
'W 


=  0, 


(619) 


the  origin  being  at  the  hinged  end. 

(«) 

^1 


Figs.  386. 
PARABOLIC  ARCH   WITH  TWO  HINGES. 

1018.  We  have  seen  that  with  three  hinges  the  directions  of  the 
reaction  lines  are  readily  found,  as  one  of  them  will  always  have  to 
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pass  throngh  two  of  the  binges.  This  is  not  possible  with  a  two- 
hinged  arch^  and  the  problem  is  to  find  the  locus  of  the  intersection 
of  the  reaction  lines  of  any  and  all  loads.  This  being  found,  the 
reactions  in  magnitude,  direction,  and  points  of  application  are  then 
found  as  in  the  preceding  cases.  Since  the  arch  is  hinged  at  the 
abutments  we  know  that  the  reactions  must  pass  through  the 
hinges,  as  the  bending  moments  are  zero  for  these  points;  and  this, 
with 

Jx=y"'^/?  =  0. (620) 

is  all  that  we  do  know. 

If,  then,  in  Fig.  385  we  have  a  two-hinged  parabolic  arch,  with 
the  toUowing  data  given:  The  rise  CCf  =  r;  the  half  span  AC  — 
C'B  =  V\  the  distance  of  any  load  w,  from  the  centre  =  h,  meas- 
ured positively  towards  the  right;  x  and  y  the  co-ordinates  of  any 
point  of  the  arch  with  origin  at  A,  Assuming  any  point  u  as  the 
intersection  of  the  reaction  lines  for  the  load  t^,,  we  can  construct 
the  force  polygon  (5),  having  OH  for  the  pole  distance.  The  cor- 
responding equilibrium  polygon  is  AuB;  z  the  vertical  ordinate 
from  the  segment  Au  to  any  point  D  of  the  arch; — ^then  the  moment 

M=Onxz-Hz (621) 

The  co^fficient  of  elasticity  being  constant,  we  have,  substituting 
Hz  for  M  in  equa.  (620), 

r^^^  r^=o,  or  r'jp.=o.  {622) 

%y  A  ^'  A  %/  A 

If  it  is  further  assumed  that  the  moment  of  inertia  /  increases 
from  the  crown  to  the  springing-line  in  the  same  ratio  as  the  secant 
of  the  angle  of  inclination  i  of  the  arch  at  any  point  to  the  horizon, 

.  =  a  constant  =  /.,  the  moment  of  inertia  at  the  crown.  From 

sec  %    ' 

ds 
Fig.  385  dx  =  ds  cos  i  = r.    Substituting  in  equa.  (622), 


sec  % 


J  A       ^  J  A    ^.8«°»  ^Ja 

or  /    zydx  =   /    zydx  =  0. 


I.   (623) 
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From  Fig.  385,  zzr^y  —  %'y  eq.  (623),  becomes 

J^y'^^-jr^'y^^  =  ^ (624) 


TX 


Substituting  in  this  equation  the  value  of  y  =  wC^^'  —  a:), 

as  found  from  the  equation  of  the  parabola  with  origin  at  A,  and 

also  the  value  of  z'  =  y^.,  ,  ,>  as  found  from  the  proportion  derived 

from  Fig.  385, 

z'  :x::y,:l'  +  b, 

in  which  y^  is  the  ordinate  of  the  point  u,  we  will  find  that  the 
first  term  of  eq.  (624)  becomes 


/ 


and  the  second  term 

hence 

Solving  with  respect  to  y,,  we  have 

y'  =  25?"  -  sy ^^^^> 

This  equation  fixes  the  position  of  the  point  u  for  the  load  u\; 
tcA  and  uB  are  then  the  reaction  lines  for  the  load  w,  at  a  distance 
b  from  the  centre.  Giving  any  desired  number  of  values  to  h  for 
the  positions  of  different  loads,  we  can  locate  the  curve  w,«w„ 
which  is  locus  of  the  vertices  of  equilibrium  polygons  for  single 
loads. 

For  the  load  TT,  prolong  its  line  of  action  to  intersection  with 
this  curve;  then  U^A  and  L\B  will  be  the  reaction  lines  for  the 
load  TTj.  A  force  polygon  can  be  constructed  to  correspond  ;  the 
values  of  jfiTand  J?,  and  i?,  can  be  found,  and  also  the  moment  Jf, 
At  any  point  of  the  arch  ;  and  similarly  for  any  number  of  loads. 

The  position  of  loads  for  maximum  stresses  and  the  stresses  in 
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the  members  of  the  arch  can  then  be  determined  as  in  paragraph? 
1015,  1016,  and  1017. 

1019.  For  a  cirealar  arch  it  will  be  sufficiently  accurate  to  as- 
sume a  parabolic  arch  of  the  same  span  and  of  such  a  rise  that  the 
areas  included  between  the  arch  and  the  chord  from  springing  to 
springing  points,  which  latter  is  the  same  length  in  both  cases, 
shall  be  equal. 

If  the  rise  of  a  circular  segmental  rib  is  not  more  than  one 
tenth  of  its  span,  a  parabolic  arch  of  the  same  span  and  rise  will 
sensibly  coincide  with  it. 

1020.  Temperature  Stresses. — While  in  a  three-hinged  arch 
there  are  no  temperature  strains,  in  an  arch  with  only  two  hinges 
the  strains  caused  by  a  change  in  temperature  may  be  considerable. 
If  the  temperature  rises  above  that  for  which  there  is  no  strain,  a 
horizontal  pressure  will  be  exerted  against  the  supports  at  its  ends. 
This  tendency  to  increase  its  length  is  resisted  by  the  abutment 
reactions,  and  stresses  are  developed  in  the  arch.  These  reactions 
acting  inwards  give  negative  moments  at  every  point,  causing  ten- 
sion in  the  outer  flanges.  If  the  temperature  falls  below  that  for 
no  strain,  the  tendency  is  to  shorten  the  span,  which  is  resisted  by 
the  reactions  of  the  abutments  acting  outwards,  and  causing 
positive  moments  at  every  point,  resulting  in  compression  in  the 
outer  flanges. 

Since  the  abutments  are  considered  as  fixed  or  rigid,  the 
length  of  span  remains  unchanged,  and  any  alteration  in  the  form 
of  the  arch  can  only  manifest  itself  by  a  rise  or  fall  of  the  crown  of 
the  arch.  Expansion  and  contraction  are  in  proportion  to  the 
change  of  temperature  t  in  degrees,  the  coefficient  of  expansion  e 
of  the  material,  and  to  the  length  of  span  2V.  The  total  change  in 
length  can  then  be  taken  equal  to 

±2l'et (626) 

The  plus  or  minus  value  is  to  be  used  according  as  t  indicates  a 
rise  or  fall  in  temperature. 

If  ±  Ht  represents  this  horizontal  thrust  or  pull,  it  will  exert 
on  all  parts  of  the  arch  both  a  direct  stress  and  a  bending  action. 
Since  the  condition  for  an  invariable  length  of  span  is 


..  =  f>g'  =  0, 
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-we  must  now  haye 

w 
Myds 
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0         ^^ 


±  2Vet  =  0; 


or,  8ince  d8  =  dxB60  i,  and  /  =  /,  sec  t, 

■^jMydx±2l'et  =  0.     ....    (627) 

M  for  any  point  of  the  rib  is  H^y  y  being  any  ordinate  of 
the  arch;  then 

^J^'y'dx±n'et=^0 (628) 

It  has  already  been  shown  tbat^  for  a  parabolic  rib  with  rise  r 
and  half  span  V,  J    y*dx  =  ^r7'.  Substituting  and  solving  for  jBi, 

^.=  ±i^ ,.     (629) 

The  maximnm  bending  moment  occurs  at  the  middle  of  the 
span^  where  the  lever-arm  of  HtS&r\  then 

Maximum  M=  HtV  =  -7; -, —  =  75 2—.    .    ,    (630) 

8      r  8      r  ^      ' 

The  temperature  stresses  can  now  be  found  and  must  be  com- 
'bined  with  the  maximum  stresses  found  for  live  and  dead  loads. 

1021.  Parabolic  Arch  with  Fixed  Ends. — In  the  case  of  an 
arched  rib  with  fixed  ends  we  neither  know  the  direction,  magni- 
tude, nor  point  of  application  of  the  reactions.  Three  conditions 
must  be  fulfilled  in  order  to  find  the  equilibrium  polygon  of  any 
load,  namely,  that 

(1)  the  change  of  inclination  at  the  abutments  J(f>  =    /    -yjr  =  0; 

(2)  the  change  in  the  length  of  span  Jxz=    J       ^     =  0 ; 


c.  .     EI 


A 
*B 

(3)  the  abutment  deflection  Jy  =     /  =  0. 
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With  these  three  equations  we  find  the  point  whose  ordinate  is 
y^,  which  is  the  common  intersection  of  any  load  and  its  components 
or  reaction  lines^  and  the  position  of  the  points  of  application  of  the 
reactions  at  the  abutments^  which  will  be  yerticallj  above  or  below 
the  points  A  and  B,  or  the  ends  of  the  arch,  by  the  distances  y, 
and  y, ,  respectively.  The  process  is  similar  in  every  respect  to  that 
followed  in  determining  y^ ,  the  ordinate  of  the  vertex  of  equilibrium 
polygon  for  the  arch  with  hinged  ends.  There  are  three  unknown 
quantities;  the  analysis  is  long  and  tedious,  though  involving  no 
especial  difiiculties.  The  results  only  will  therefore  be  given.  For 
any  load  at  a  distance  b  from  the  centre  of  the  span  on  the  right, 
y,  being  the  vertical  ordinate  of  the  end  of  the  equilibrium  polygon 
above  the  left  abutment,  that  is,  the  one  farthest  from  the  load ; 
y,  the  vertical  ordinate  to  the  end  of  the  equilibrium  above  or 
below  the  abutment  nearest  the  load ;  then 

,      y>  =  i5  7qrj^-5   y.  =  T5y^"-  •  •   •  ^^^'> 

These  values  vary  with  the  position  of  the  load.  For  instance, 
as  h  varies  from  +  Z'  to  —  /',  y,  varies  from  +  -f^r  to  —  c»,  and  y, 
varies  in  the  opposite  direction.    The  value  of  y^  becomes 

y^  —  ^r (632) 

This  is  the  equation  of  a  straight  line  parallel  io  AB,  and 
situated  |r  above  AB^  or  \r  above  the  crown  of  the  arch.  There- 
fore one  point  on  the  reaction  lines  is  the  intersection  of  the 
vertical  load  line,  and  this  straight  line  for  all  loads.  But  y,  and 
y,  require  a  separate  calculation  for  each  load. 

1022.  Temperature  stresses,  when  the  ends  are  fixed,  are  found 
by  a  similar  process,  as  in  the  case  of  the  arch  with  hinged  ends. 
The  points  of  application  of  the  thrust  H^  is  not,  however,  at  the 
points  A  and  By  but  at  a  distance  above  these  points,  ^i  =  y,  =  l^» 
the  rise  being  r.  This  changes  the  value  of  if  from  M=^Hty^ 
M=  Ht{y  —  y,).     These  substitutions  being  made  in 


^f'Mydz±2l'et  =  0 


gives 


jj      j^ElJe^ (633) 

4r 
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The  resulting  stresses  may  be  computed  by  moments  and 
shears  or  by  diagram. 

As  we  have  seen^  the  reactions  do  not  pass  through  the  points 
A  and  B,  but  through  points  above  or  below  the  ends.  This 
means  that  we  not  only  have  at  each  end  a  horizontal  and  a  vertical 
component  of  the  reaction^  but  also  a  bending  moment  which 
varies  with  the  position  of  the  load,  and  must  be  of  such  a  mag- 
nitude as  will  keep  the  ends  of  the  arch  fixed  in  direction. 

We  farther  note  that,  with  the  same  change  in  temperature,  the 
temperature  thrust  lit  is  six  times  as  great  with  fixed  ends  as  com- 
pared with  its  value  for  hinged  ends,  and  the  direct  stress  in  the 
ribs  will  therefore  vary  in  the  ^ame  proportion. 

The  maximum  moment  at  the  springing  for  the  rib  with  fixed 
ends  is  four  times  as  great  as  at  the  crown  with  hinged  ends,  and 
of  the  opposite  kind,  and  taken  at  the  two  crowns  is  twice  as  great. 

For  a  full  and  exhaustive  treatise  on  this  subject,  accompanied 
with  numerous  examples  worked  out  in  the  greatest  detail  for  all 
forms  of  curves  of  intrados,  and  both  metal  and  stone  used,  the 
reader  is  referred  to  Arches,  Part  III,  "  Trusses  and  Arches,^'  by 
Charles  E.  Greene,  a  most  interesting  and  instructive  work 
throughout. 

AET.  LIV.  < 

FORMATION  AND  PERMANENT  WAY. 

1023.  It  is  convenient  to  divide  a  railway  or  a  highway  construc- 
tion into  two  parts,  namely.  Formation  and  Permanent  Way.  The 
workd  which  constitute  the  Formation  include  earthworks,  drains, 
retaining-walls,  masonry  piers,  foundations,  timber  and  iron  trestles, 
bridges,  tunnels,  etc.,  in  short,  everything  necessary  to  receive  the 
permanent  way,  the  permanent  way  being  those  parts  of  struc- 
tures upon  which  the  traffic  is  directly  carried.  The  first  division 
of  the  subject  has  been  already  fully  discussed  in  preceding 
articles. 

Railway  permanent  way  will  be  taken  to  include  the  ballast, 
ties,  and  iron  or  steel  rails,  or  track,  as  it  is  commonly  called. 

1024.  Ballast. — Earth,  cinders,  slag,  gravel,  broken  stone  and 
burnt  clay  are  used  for  ballast.  Convenience,  cost,  and  safety  de- 
termine the  material  to  be  used  in  any  particular  case. 

Earth  ballast  is  nothing  more  than  the  ordinary  earth  used  in 
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the  embankments  and  found  in  the  excavations.  The  ties  are 
simply  laid  on  the  bed^  and  the  eaiiih  thrown  and  compacted  around 
and  between  the  ties.  It  is  of  little  value  unless  exceptionally  good 
material  is  convenient^  and  unless  surfaced  in  such  a  manner  that 
it  is  even  with  the  top  of  the  ties  at  and  near  the  centre  line  and 
then  slopes  off  so  as  to  be  even  with  the  bottom  of  the  ties  at  their 
ends.  In  good  weather  a  fairly  good  track  can  be  thus  made. 
It  is  employed  upon  thousands  of  miles  of  track  in  the  South 
and  West^  and  is  commonly  the  only  kind  of  ballast  used  on  new 
roads. 

Cinder  and  slag  ballast  are  often  used  where  these  materials  are 
found  convenient  and  cheap,  and  make  good  ballast. 

Broken-stone  ballast,  or  a  mixture  of  coarse  and  fine  gravel,  is 
the  best  material,  giving  elasticity  and  good  drainage.  Almost  any 
stone  but  the  softer  varieties  of  sandstone  and  disintegrating  shales 
and  limestones  are  suitable  for  the  purpose.  Although  it  is  better 
with  either  of  these  materials  to  lay  a  bed  of  stone,  gravel,  or  slag, 
from  9  to  12  inches  in  thickness  on  the  earthen  bed,  and  upon  this 
layer  place  the  ties,  it  is  the  usual  custom  to  first  lay  the  ties  and 
rails  and  do  the  ballasting  subsequently  with  construction  trains. 
In  this  latter  case  the  ties  and  track  have  to  be  raised  and  the 
ballast  forced  and  rammed  under  them.  This  method  bends  the 
rails  and  throws  the  track  out  of  line.  But  rapidity  of  construc- 
tion and  saving  in  cost  usually  control  such  matters.  In  either 
case  the  ties  should  be  entirely  imbedded  in  the  ballast,  which 
should  slope  off  from  the  ends  of  the  ties  at  about  1  to  1. 

Knowing  the  number  and  dimensions  of  cross-ties,  and  depth 
of  ballast  beneath  them,  it  is  easy  to  calculate  the  ballast  required 
per  yard  or  mile  of  track.  Taking  cross-ties  6"  X  8"  X  9',  and 
taking  2640  to  the  mile,  their  volume  would  be  3  cubic  feet  or  one 
ninth  cubic  yard  to  the  tie,  or  293  cubic  yards  per  mile.  Ballast 
12  inches  deep  and  average  width  of  10  feet  will  be  1960  —  293 
=  1667  cubic  yards  per  mile,  which  will  cost  from  60  cents  to 
$1  per  cubic  yard.  The  above  quantity  may  be  taken  as  a  mini* 
mum. 

Burnt  clay  has  been  used  for  ballast,  and  it  is  claimed  that  it  is 
both  cheap  and  suitable. 

Ballast  is  used  only  on  the  earthen  foundation-bed,  as  a  rule.  It 
is^  however,  being  introduced  on  bridges,  where  it  possesses  many 
advantages  as  far  as  safety  and  speed  are  concerned. 

1025.  Cross-ties  are  used  for  the  rails  to  rest  upon,  and  to  which 


FORMATION   AND   PERMANENT  WAY.  1257 

they  are  spiked  or  bolted.  These  keep  the  parallelism  of  the  rails^ 
the  alignment  both  horizontally  and  vertically,  and  distribute  the 
heavy  concentrated  weights  on  the  rails  over  a  broad  bearing  sur- 
face. They  are  usually  of  some  kind  of  timber,  and  commonly 
white,  post,  or  chestnut  oak,  or  pine.  The  durability  of  the  tie 
depends  largely  upon  character  and  quantity  of  ballast  used.  A  tie, 
however,  often  cuts  and  rots  out  at  the  rail-bearing  and  spike-holes, 
while  remaining  comparatively  sound  and  solid  in  other  parts.  Oak 
ties  are  liable  to  warp  and  split,  but  hold  the  spikes  better.  The 
number  of  ties  per  mile  vary  from  2112  when  spaced  2^  feet  centres 
to  2640  when  spaced  2  feet  centres.  The  dimensions  of  ties  vary 
from  8  to  9  feet  long,  from  6  to  8  inches  deep,  and  from  8  to  10 
inches  wide.  On  bridges  and  trestles  they  are  commonly  sawn; 
on  other  portions  of  the  road  hewn  ties  are  used.  The  life  of 
ties  may  be  taken  between  extreme  limits  of  4  and  8  years,  depend- 
ing on  material,  ballast,  and  drainage. 

The  life  of  ties  can  be  greatly  prolonged  by  the  resort  to  some 
of  the  means  of  protecting  timber  from  decay.  But  little  attention 
has  been  given  to  this  subject  in  this  country,  owing  to  the  expense 
necessary  and  the  abundance  and  cheapness  of  suitable  timber,  the 
price  per  tie  varying  from  20  to  40  cents,  according  to  quality  and 
abundance  of  material  convenient  to  line  of  the  road. 

In  European  countries  much  attention  has  been  given  to  this 
matter,  with  satisfactory  results.  But,  notwithstanding  this,  much 
attention  has  also  been  given  to  the  subject  of  the  substitution  of 
iron  ties.  Hundreds  of  patents  have  been  issued,  and  some  useful 
types  invented.  At  present,  in  this  country  at  least,  they  have  not 
come  into  general  use.  Drawings  and  description  of  one  type  is 
given  in  Figs.  386  and  paragraph  1027. 

1026.  Some  of  the  general  advantages  ^are :  (1)  increased  life  as 
compared  with  timber  ties;  (2)  the  width  of  gauge  is  better  main- 
tained; (3)  the  cost  of  maintenance  remains  practically  constant 
after  one  or  two  years^  use,  whereas  this  cost  increases  rapidly  with 
age  for  timber  ties;  (4)  the  fastenings  can  be  made  safer  and  more 
permanent;  (5)  the  old  material  has  greater  value;  (6)  it  can  be 
manufactured  in  that  form  giving  the  greatest  strength  with  the 
.  least  material.  They  can  be  made  of  varying  thickness  and  have 
the  slope  (1  in  20)  for  the  rail  formed  on  them.  The  metal  can  be 
disposed  where  it  will  do  the  most  good.  The  minimum  cross*- 
section  is  maintained  for  about  two  thirds  of  its  length,  and  thick- 
ened under  and  on  each  side  of  the  position  of  the  rail.     (7)  It  is 
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easily  packed  with  any  kind  of  ballast;  (8)  a  broad  bearing  for  the 
base  of  the  rail  can  be  secured. 

Among  the  disadvantages  accruing  from  the  use  of  iron  ties  may 
be  mentioned:  (1)  increase  of  first  cost;  (2)  the  holes  for  fastenings 
reduce  the  effective  area  of  section;  (3)  the  brittleness  around  the 
bolt-holes  arising  from  punching;  (3)  the  foot  of  the  rail  eats  in  time 
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into  the  top  of  the  tie;  (4)  the  tie  is  more  injuriously  affected  by 
impulse  and  shock  at  the  rail  bearing;  (5)  the  earlier  types  were 
made  too  light,  not  over  55  to  70  pounds  in  weight,  bending  and 
shaking,  attended  with  the  working  out  of  the  ballast,  and  conse- 
quent expensive  maintenance,  cracking  of  the  ties  lengthwise  and 
crosswise  under  the  rail ;  (6)  straining  of  the  material  at  the  rail- 
bearing  during  manufacture. 

Increased  weights  from  100  to  160  pounds  or  more;  the  use  of 
mild  steel  having  a  tensile  strength  of  from  50,000  to  60,000  pounds 
per  square  inch;  contraction  of  area  from  30  to  40  per  cent;  care  and 
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precantions  in  fornimg  bolt-holes;  closing  the  ends  of  the  sleeper; 
etc.,— do  away  with  most,  if  not  all,  of  the  above-mentioned  disad- 
vantages. 

It  is  found  better,  while  filling  nnder  the  tie,  that  the  ballast 
should  not  be  too  firmly  compacted  near  the  middle  of  the  tie;  but 
under  and  for  a  short  distance  on  either  side  of  the  rail  it  should 
be  well  compacted. 

Rusting  and  corrosion  are  not  considered  to  be  of  any  great  injury 
to  the  metal  tie. 

1027.  Metallic  Ties. — It  is  not  proposed  to  enter  fully  into  the 
discussion  of  the  actual  value  of  metallic  ties,  or  of  their  value  as 
compared  with  timber  ties.  The  following  illustrations  and  remarks 
are  taken  from  The  American  Engineer  and  Railroad  Journal, 
December,  1893.  Only  one  form  of  cross-section  of  tie^is  given ; 
heavy  forms  of  section  have  been  designed,  a  great  deal  of  experi- 
menting has  been  done,  and,  as  might  be  expected,  the  results  have 
been  both  favorably  and  unfavorably  interpreted.  One  form  of 
metal  tie  under  one  set  of  conditions  has  given  satisfaction,  while 
another  form  used  under  the  same  or  different  conditions  has  not 
proved  satisfactory. 

They  have  been  built  up  of  channel-irons  and  l^|^kets  riveted 
to  them,  of  rolled  steel  with  riveted  chairs,  rolled  iron  riveted,  hol- 
low ties  of  the  Post  and  Bract  outlines,  etc. 

There  are  over  25,000  miles  of  track  laid  with  metal  ties,  which, 
according  to  Mr.  B.  E.  Femow,  TJ.  S.  Department  of  Agriculture, 
has  proved  satisfactory  and  successful.  He  says :  "  It  is  not  a  con- 
sideration of  initial  cost  that  makes  the  substitution  of  metal  ties 
desirable  or  profitable.  It  is  the  superiority  of  track,  permanence 
of  roadbed,  safety,  greatly  reduced  cost  of  maintenance,  and  hence 
ultimate  saving  and  economy,  that  recommend  the  metal  tie/' 

The  Grand  Central  Railway  of  Belgium  have  tested  two  types; 
namely,  one  without  wooden  filling-pieces,  and  one  with  such 
pieces.  They  laid  a  length  of  line  6.2  miles  long  in  the  years 
1886-8.  The  ballast  was  composed  of  broken  stones,  cinders,  and 
river  gravel.  The  rails,  of  Bessemer  steel,  were  19  feet  8  inches 
long,  weighing  83.8  pounds  per  yard.  Under  each  length  there 
were  placed  seven  ties,  spaced  as  shown  in  Fig.  386  {e).  The  ties 
are  8'  6.3"  long;  the  first  used  weighed  131  lbs.,  but  in  later  patterns 
133.6  lbs.  each.  They  are  made  of  iron,  as  are  also  the  rivets  and 
clamp  bolts;  the  tie-plates  and  bolts  are  of  steel.  The  heaviest  en- 
gines used  weigh  52.3  tons,  their  rigid  wheel-base  is  14'  1".    Maxi- 
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mum  speed  allowed^  37.3  miles  per  hour  for  passenger  trains  and 
15.5  miles  for  freight  traius. 

This  track  has  proved  satisfactory^  being  more  economical, 
more  stable  and  easily  maintained,  as  compared  with  those  portiona 
laid  on  wooden  ties. 

At  a  recent  session  of  the  Railway  Congress,  held  at  St.  Peters- 
burg, the  following  conclusion  was  reached : 

"  The  use  of  metallic  ties  will  permit  of  a  saying  of  expense  of 
maintenance  when  they  fulfil  the  conditions  for  rational  use;  in 
other  words,  if  their  form  has  been  so  designed  and  their  weight 
settled  by  paying  careful  attention  to,  first,  the  conditions  of  the 
traffic — that  is  to  say,  the  speed  and  weight  of  the  trains;  second, to 
the  conditions  of  the  structure  of  the  track  and  the  nature  of  the 
subsoil;  and,  third,  to  the  kind  of  ballast  used ;"  etc.  The  engineers 
of  the  Belgian  State  Railway  modified  the  above  to  the  following: 
"  By  only  using  metallic  ties  on  lines  where  the  traffic  was  compar- 
atively light  and  run  over  by  trains  at  a  low  speed." 

These  conclusions  were  based,  it  seems,  upon  the  unfavorable 
results  of  tests  made  in  Belgium.  The  defects  developed  were  to 
some  extent  traceable  to  defective  manufacture,  such  as  cracks  re- 
sulting from  punching  instead  of  drilling  the  rectangular  holes  for 
the  fastenings;  and  the  steel  used  not  being  very  mild. 

Again :  "  In  consequence  of  the  alternating  up-and-dovm  moTe- 
ment  of  the  hollow  tie,  it  causes  a  hammering  out  of  the  ballast, 
which  is  transformed  into  a  powder,  and  later  into  mud  by  the  rain. 
Each  time  that  the  tie  rises  it  sucks  in  this  mud  and  the  ballast 
loaded  with  it,  forming  a  kind  of  macadam,  which  finally  forms  a 
hard  and  compact  core,  necessitating  the  removal  of  the  ballast  from 
beneath  the  support.  This  is  the  first  period  of  maintenance,  which 
is  universally  recognized  as  expensive. 

"  Under  the  action  of  the  passage  of  trains  the  ties  were  subjected 
to  a  scraping  which  caused  changes  both  in  the  longitudinal  and 
transverse  directions. 

"  These  disturbances,  which  exist  for  all  types  of  hollow  ties,  iQ- 
crease  very  rapidly  and  very  uotably  with  the  speed  of  the  trains. 
While  for  a  maximum  speed  of  from  47  to  50  miles  per  hour  changes 
in  level  are  small,  and  while  these  small  movements  exert  hardly 
any  influence  upon  the  ordinary  track,  it  has  been  shown  by  ex- 
periments that  at  speeds  of  about  56  miles  per  hour  they  become 
dangerous,  and  may  even  cause  derailments,  in  consequence  of  the 
hammer-blows  and  depressing  effect  of  the  rolling-stock  upon  a 
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track  which  has  been  thus  deformed;  and  it  is  therefore  absolutely 
necessary^  in  order  to  bring  the  track  up  to  good  alignment,  to 
demolish  the  hard  cores  of  ballast  which  are  formed  inside  the  ties. 
Then  the  period  of  expensive  maintenance  begins.  Finally,  it  does 
not  appear  to  be  desirable  that  the  hollow  form  of  tie  should  be 
used.  In  other  words,  it  is  well  to  avoid  the  use  of  such  ties  as 
permit  of  the  formation  of  a  compact  core  beneath  them,  unless 
they  can  be  easily  removed  and  given  great  lateral  strength.^' 

The  following  are  the  essential  conditions  to  be  fulfilled  by  the 
metallic  tie  for  lines  which  are  to  be  traversed  by  high-speed  trains: 

(1)  They  should  not  require  any  tamping  into  the  hollow  space; 
that  is  to  say,  they  ought  to  be  able  to  be  moved  longitudinally 
and  transversely,  just  as  a  wooden  tie  can  be  which  has  a  flat 
bottom.  It  is  even  objectionable  to  give  it  any  curvature,  bendings,. 
or  variations  of  section,  or  to  provide  it  with  bosses  or  have  project- 
ing rivet-heads.     Its  shape  should  be  perfectly  prismatic, 

(2)  It  should  weigh  from  165  to  176  pounds,  and  be  made 
of  steel,  in  order  to  have  a  strength  of  from  54,000  to  58,000 
pounds.  Iron  is  not  strong  enough.  The  U-form,  right  side  up  or 
inverted,  is  not  adapted  to  resist  bending  stresses,  and  ought  to  be 
excluded.  The  outline  should  be  symmetrical  above  and  below  the 
neutral  axis. 

(3)  The  strength  should  be  obtained  with  a  full  outline;  that  is 
to  say,  the  shearing  strength  of  the  riveted  joints  should  be  ex- 
cluded. 

(4)  The  fastenings  should  not  require  rectangular-punched 
holes,  but  all  holes  should  be  drilled  and  sound. 

Fig.  386  (a)  shows  cross-section  of  hollow  tie  and  fastenings, 
(b)  longitudinal  sections  of  the  same.  Fig.  386  {c)  shows  cross- 
section  of  the  tie  and  fastenings  with  the  filling-pieces,  (d)  longi- 
tudinal  section  of  the  same.  Fig.  386  (e)  shows  a  longitudinal  sec- 
tion of  the  rail,  cross-section  and  spacing  of  the  ties,  and  position 
of  the  suspended  rail-joint. 

TRACK. 

1028.  We  have  seen  that  the  ballast  is  intended  (1)  to  distribute 
the  load  over  a  large  bearing-surface  below,  (2)  to  maintain  the  ties 
in  position,  (3)  to  thoroughly  drain  the  road-bed,  thereby  protecting 
the  formation  from  becoming  soft  and  muddy  in  wet  weather  and 
from  heaving  in  freezing  weather,  and  (4)  to  give  elasticity  to  the 
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road-bed.  The  cross-ties  support  the  rail  directly,  maintaiii  the 
g&uge,  and  distribute  the  bearing  over  the  ballast. 

The  rails^  which  were  formerly  made  of  iron,  are  now  made  to  a 
great  extent,  or  exclusively,  of  steel.  Until  somewhat  recently  the 
heaviesfc  rails  were  only  about  60  pounds  per  linear  yard,  or  9-^\ 
tons  of  2240  pounds  for  two  rails  per  mile.  The  weight  now  ofteu 
used  is  from  80  to  100  pounds  per  yard.  The  rail  must  hare  suffi- 
cient strength  and  stiffness  to  act  as  a  beam  between  the  ties,  and 
as  a  lateral  support  or  guide  to  the  wheels  of  the  engine  and  cars. 
Its  top  surface  must  have  sufficient  size  and  hardness  to  resist  the 
Action  of  the  heavy  rolling  weights.  The  bottom  surface  most  gire 
a  good  broad  bearing  on  the  tie.  The  old  60-pound  iron  rail  wt& 
4i  inches  high,  2^  inches  width  of  head,  4  inches  width  of  base; 
thickness  of  stem  or  web,  i  inch. 

According  to  the  recent  recommendation  of  a  committee  of  the 
American  Society  of  Engineers,  the  head  should  contain  42  per  cent, 
the  web  21  per  cent,  and  the  lower  flange  37  per  cent  of  the  metal 
in  the  section.  The  important  factors  are:  top  radius,  12  inches; 
top  corner  radius  of  head,  ^  inch;  lower  corner  radius,  ^  inch; 
corner  of  flange,  ^^  inch;  side  radius  of  web,  12  inches;  top  and 
bottom  radius  of  web,  i  inch;  angle  between  under  side  of  head 
and  top  of  flange,  13°;  width  of  head  of  80-pound  rail,  2|  inches. 
Wearing  qualities  of  rail  depend  largely  upon  the  closeness  of  grain 
of  the  steel  in  the  heads.  In  order  to  have  a  smooth  track  it  is 
necessary  that  the  surface  and  line  of  rails  shall  be  without  lumps 
and  kinks;  hence  the  metal  in  head  and  flange  of  section  should 
nearly  balance,  thereby  permitting  the  hot  metal  in  the  just-rolled 
rail  to  cool  with  the  least  internal  strain,  and  when  cold  to  be  as 
nearly  as  practicable  straight  in  all  directions;  the  importance  of 
this  increases  with  the  quantity  of  metal  in  the  section.  The  larger 
percentage  of  straight  track  governs  questions  connected  with 
form  and  dimensions  of  rail  sections.  The  length  of  a  rail  varies 
between  20  and  30  or  more  feet.  The  several  lengths  of  rail  are 
now  almost  exclusively  connected  by  the  angle,  fish,  or  splice  platei^, 
and  bolts  through  the  plates  and  the  web  of  the  rails.  The  sus- 
pended joint,  that  is,  when  the  joint  between  the  rails  is  between 
two  ties,  is  generally  preferred.  The  joint  ties  are  placed  somewhat 
closer  to  each  other  than  the  intermediate  ones. 

Sufficient  space  should  be  left  between  the  ends  of  adjacent  rails 
to  allow  for  the  expansion  due  to  the  difference  between  the  tem- 
perature at  which  the  rail  is  laid  and  the  temperature  to  which  it 
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may  be  subjected.  The  expansion  of  iron  is  from  0.0000068  to 
0. 0000069  of  itslength  for  each  degree  Pahr.,  which  for  a  30-foot 
rail  and  variation  of  100°  in  temperature  is  0.021  foot  or  0.25  inch. 
An  extreme  high  temperature  of  130°  Fahr.  jbaj  be  taken.  A 
fuU-spiked  rail  has  two  spikes^  one  on  each  side  of  rail^  not  exactly 
opposite,  in  each  tie. 

It  is  a  bad  practice  to  lay  down  only  a  few  ties,  to  which  the 
rail  is  spiked,  and  then  run  heavy  loads  over  the  rails;  they  will 
spring  and  bend.  The  full  number  of  ties  required  should  be  in 
position;  it  is  not  absolutely  necessary  that  the  rails  should  be  fully 
spiked. 

Sails  that  are  to  be  laid  on  curves  should  be  bent  to  the  proper 
ourve  before  laying.  This  can  be  done  by  lifting  and  dropping  the 
rail  on  some  form  of  narrow  support,  or  by  supporting  the  rail  near 
its  ends  and  using  blows  from  sledges;  or  special  machines  can  be 
used.  The  proper  curvature  is  determined  from  the  length  of  the 
middle  and  quarter  ordinates  of  its  lengths — found  in  the  usual 
tables  for  ordinates.  They  are  often  sprung  into  position  by  crow- 
bars after  securing  one  end.  This  is  not  good  practice  on  any  but 
Tery  easy  curves.  On  straight  portions  of  the  track  the  top  sur- 
faces of  rails  should  be  in  the  same  horizontal  plane,  except  that 
near  the  ends  of  the  curve  the  outer  rail  is  gradually  raised  until 
at  the  pointe  of  curve  it  has  the  full  elevation  required  for  the  rail 
on  the  curve. 

1029.  Elevation  of  Outer  Rail  on  Curves. — It  has  always  been 
a  disputed  point  both  as  to  the  advantage  to  be  gained  by  elevating 
the  outer  rail,  and  the  amount  of  elevation  that  should  be  used. 
The  avowed  purpose  is  to  balance  the  tendency  of  the  wheels 
to  bear  against  the  outer  rail  when  running  around  curves  at  high 
speeds.  Theoretically  the  force  tending  to  press  the  wheels  against 
the  rail  acts  horizontally,  and  varies  directly  as  the  square  of  the 
velocity  and  inversely  as  the  radius  of  the  curve,  and  is  expressed 
by  the  equation 

/=  3^ («^*) 

/=  the  so-called  centrifugal  force;  w,  the  weight  of  the  loaded 
<5ar  in  pounds;  v  =  velocity  in  feet  per  second,  and  Ji  the  radius 
of  the  curve  in  feet.  Placing  the  loaded  car  on  an  inclined  plane 
whose  base  is  the  gauge  g  of  the  track,  and  whose  rise  is  the  differ- 
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ence  in  level  of  the  rails  =  e,  it  is  easily  proved  that  /  =  — , 

ff  being  the  distance  between  rail  centres,  not,  as  is  nsnally  taken, 
between  inside  faces  of  rails.     Then 

-J  =  ^MR-    Hence  elevation  «  =  g^:^    .     (635) 

on  a  2°  curve.     R  =  2865  feet;  and  if  t;  =  30  miles  per  hour  = 

44*  X  4." 

44  feet  per  second;  a  =  4.7  feet.    Then  e  =  ;nrT;; — t^t^t^  —  0.099 
^  '  ^  32.16  X  2866 

foot  =  1.19  inches. 

Mr.  Eankine  gives,  on  account  of  the  parallelism  of  the  axles 

of  wheels,  and  the  difference  in  length  between  outer  and  inner 

rails  on  a  curve  causing  the  outer  wheel  to  slip  over  a  distance 

equal  to  the  difference  in  length  of  the  rails,  which  would  produce 

a  tendency  to  press  against  the  outer  rail,  an  additional  elevation 

in  inches,  =  7200  X  E,  in  feet. 

1030.  Coning  of  Wheels. — In  order  to  obviate  the  latter  elevation 
required,  the  tread  of  the  wheels  was  made  conical  instead  of 
cylindrical.  By  this  means  a  larger  diameter  was  brought  over  the 
outer  rail,  thereby  rendering  any  slipping  unnecessary.  For  very 
sharp  curves  the  coning  would  be  so  decided  as  would  produce  un- 
steady motion  on  the  straight  portions  of  the  line,  and  it  is  consid- 
ered better  that  the  flanges  should  press  steadily  against  the  outer 
rail,  reducing  this  tendency  to  a  certain  extent  by  increased  ele- 
vation of  the  outer  rail.  For  these  and  other  reason  sthe  prac- 
tice now  is  to  make  the  tread  of  the  wheels  cylindrical,  or  nearly 
so. 

It  was  mentioned  that  the  top  surfaces  of  rails  should  be  in  the 
same  horizontal  plane  on  tangents.  It  should  be  noted  that,  with 
a  well-deflned  coning  on  the  wheels,  the  rails  should  have  a  cant  or 
inward  inclination  towards  each  other.  This  has  been  taken  at  1 
in  20,  as  was  mentioned  in  discussing  the  proper  form  and  manu- 
facture of  iron  or  steel  ties;  otherwise  the  bearing  instead  of  being 
full  on  the  head  of  the  rail  will  be  concentrated  on  one  edge. 

1031.  There  has  been  much  discussion  in  recent  years  in  regard 
to  the  question  of  open  joints  between  rails  as  compared  with  con- 
tinuity over  greater  or  less  lengths  of  track  in  connection  with  ex- 
pansion and  contraction.  Some  experiments  have  been  made  with 
rigid  joints,  giving  a  continuous  rail  of  two,  three,  or  more  miles. 
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It  has  been  claimed  that  where  made  the  results  have  been  satis- 
factory. The  joints  are  necessarily  the  weak  points  in  a  line  of 
railsy  increase  greatly  the  cost  of  maintenance  and  repairs^  and  often 
are  causes  of  serious  accidents. 

On  curves  having  a  shorter  radius  than  1000  feet^  it  has  been 
customary  to  widen  the  gauge  by  about  ^  inch;  under  750  and  over 
500  feet,  f  inch;  under  500  feet,  1  inch. 

The  elevation  of  the  outer  rail  above  the  inner  rail  is  better  ob- 
tained by  depressing  one  rail  one  half  the  amount  and  elevating  the 
outer  rail  one  half,  with  respect  to  the  mean  or  normal  surface. 

1032.  Transition  Curves. — The  obvious  objections  of  passing 
direct  from  a  straight  track  to  a  curved  one  have  suggested  many 
more  or  less  crude  methods  of  making  the  passage  more  easy  and 
gradual. 

The  curve  of  sines  has  been  suggested  as  a  substitute  for  circular 
curves;  also,  while  maintaining  the  proper  circular  curve,  to  intro- 
duce near  the  ends  short  lengths  of  curve  approximating  to  the 
elastic  curve,  thereby  making  the  change  of  currature  by  degrees. 

In  a  work  entitled  "  The  Theory  of  Deflections,'*  by  Isaac  W. 
Smith,  a  work  in  the  form  of  an  engineer's  field-book,  a  full  discus- 
sion of  this  subject,  under  the  head  of  Compound  Arcs,  with  regvr 
larly  Increasing  Degrees  of  Curvature,  can  be  found,  with  methods 
of  application  and  examples.  This  subject  can  also  be  found  dis- 
cussed in  one  or  more  works  very  recently  published.  These  are 
called  also  "  curves  of  adjustment." 

The  following  examples  for  a  street-car  line  will  illustrate  the 
principle.    Width  of  street,  45  ft.;  outer  rail  elevated,  1\  inches. 

1st  curve:  radius  200  feet,  chord  5  feet^  \ 

2d      «  «     100     «        ''     5    "    V  Total  angle,  8°  36'. 

3d      "  "       66f   *'        "     5    "    ) 

Badius  of  centre  curve  on  inner  rail,  40  feet. 

Length  on  chord,  15  feet. 

On  most  railways,  no  matter  how  much  care  has  been  bestowed 
on  the  careful  laying-out  of  curves,  simple  or  compound,  and  in  the 
elevation  of  the  outer  rail,  the  maintenance  of  these  conditions  is 
left  entirely  to  the  track-foreman,  who  does  all  the  adjustments  of 
line  and  levels  by  the  eye  alone,  and  it  requires  only  a  short  period 
of  use  before  all  the  nice  adjustments  are  thrown  out. 

1033.  Turnouts. — A  turnout  is  a  curved  track  by  which  a  train 
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can  pass  from  one  track  to  another.  The  one  is  commonly  called 
the  main  track,  the  other  a  side  track.  A  railway  yard  has  many 
side  tracks,  either  connected  directly  with  the  main  track  or  with 
each  other  by  turnouts. 

The  point  where  the  outer  rail  of  the  turnout  crosses  the  rail  of 
the  main  or  other  track  is  called  the  frog-point.  For  unimportant 
turnouts  the  rail  of  the  turnout  may  be  sufficiently  raised  to  allow 
the  flange  of  the  wheel  to  pass  over  the  rail  of  the  main  track,  the 
turnout  rail  being  cut  at  this  point,  leaving  a  sufficient  gap  for  the 
wheels  of  cars  on  the  main  track  to  pass  freely.  This  is  an  awk- 
ward and  unsatisfactory  arrangement.  Therefore  the  intersectiug 
rails  of  the  two  tracks  end  at  a  short  distance  on  either  side  of  the 
frog-point,  and  between  these  is  placed  a  casting  or  an  arrangemeut 
made  of  pieces  of  rail,  by  means  of  which  a  junction  is  made  with 
rails  of  the  tracks,  and  at  the  same  time  two  intersecting  channels  or 
grooves  are  formed  for  the  passage  of  the  flanges  of  the  wheels  when 
on  either  track.  It  is  a  double  wedge-shaped  construction,  as  shown 
in  Fig.  387,  the  whole  being  commonly  called  a  frog.    There  aie 
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Fig.  887. 


several  special  designs ;  the  more  common  and  simplest  form  is 
alone  described  and  illustrated.  ABCDEFGHP  is  the  entire  frog. 
'The  portion  DPE,  whether  made  of  pieces  of  rail  or  of  a  soliil 
casting,  is  called  the  toiigue  of  the  frog;  the  sharp  end  P  is  called 
the  point,  and  the  angle  DPE  is  called  ih^frog  angle. 

The  sides  of  this  angle,  PD  and  PE,  are  in  the  prolongations  of 
the  inner  edges  of  the  respective  main  and  turnout  rails,  or  nearly 
so.  The  angle  of  frog  may  be  any  number  of  degrees  within  cer- 
tain limits,  and  the  frog  may  be  designated  by  this  angle,  but  more 
oommonly  by  a  number  which  is  the  ratio  of  the  length  of  the 
tongue  to  its  base,  that  is,  the  number  of  frog. 

«  =  ^  =  3^  =  i  cot  iZ>P^.    .    .    .    (636) 

Although  under  special  conditions  any  number  of  frog  may  be 
used,  for  single  turnouts  the  numbers  used  vary  from  No.  7  to  No. 
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9^  inclusive^  for  single  turnouts.    For  these  numbers  the  angles  of 
frog  are  8°  10'  16''  and  6**  21'  35",  respectively. 


Fio.  888. 

1034.  In  Fig.  388  the  rail  xD  is  called  the  switch-rail  It  is 
used  for  both  tracks.  The  end  A  is  fixed;  D  is  the  free  or  movable 
end.  When  it  is  required  to  use  the  turnout  the  rails  AD  and  BD' 
are  thrown  into  the  positions  AF  and  BE'  respectively.  DB  or 
D'B^  is  called  the  throw  of  the  switch;  D  is  the  point  of  switch; 
A,  the  tangent  point  of  the  turnout,  is  called  the  heel  of  switch; 
AD  the  length  of  switch.  The  portion  of  the  switch-rail  xA  is 
spiked  firmly;  the  portion  AD  will  then  spring  into  the  proper 
curve  if  its  length  has  been  properly  taken.  The  point  of  frog  is 
at  P.  From  -4  to  P  should  be  a  simple  curve.  The  throw  DE 
varies  from  4^  to  6  inches;  it  is  usually  made  about  5  inches.  The 
general  problem  is  as  follows : 

1035.  Given  the  frog-angle  P,  and  a  straight  main  track ; 
required  the  length  of  switch  ADy  the  radius  R  of  the  centre  line  ap 
of  the  turnout  curve,  the  length  of  the  chord  ap,  and  the  straight-line 
distance  from  the  heel  of  switch  A  to  point  of  frog  P  =  BP. 
Let  the  lines  AB,  EE\  and  PL  intersect  at  the  centre  C  of  the  turn- 
out curve,  not  given  in  drawing;  P,  the  frog-angle,  =  HPQ\  g^  the 
gauge  of  track  AB;  R,  the  radius,  =  aO  =  pC  {Cia  not  shown  in 
Fig.  388);  DE,  the  throw  of  switch.  Then  the  radius  of  the  outer 
curve  AEP  =  R  +  y. 

AB  =  R  vers  in  centre  angle  =  ^  =  (5  -{-  ^)  vers  P.    (637) 
Since  HPQ  =  P  =  central  angle  (7,  then 


^  +  *^  =  ^^^5    angle  ^PP  =  iP; 
BP  =  AB  cot  iP;    BP  =  {R  +  y)  sin  P; 

DE 


Chord  ap  =  2R  sin  ^P;    versin  A  CD  = 


^  +  i/ 


(638) 
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Since  the  inside  rail  has  the  same  throw^  while  its  radius  is 
{B  —  j^),  we  may  drop  the  ^ff.    Then  length  of  switch 

AD^R^inACD (639) 

All  of  these  relations  will  be  clear  if  AB,  EE\  and  PL  are  pro- 
longed to  intersection  at  C. 

By  introducing  the  number  of  the  frog  n  in  the  aboTe  equations 
they  can  be  put  in  a  more  convenient  form.  Prom  eq.  (636)  cot 
\DPE  =  cot  \HPQ  =  %n  =  cot  iP.  This  substituted  in  eq.  (638) 
gives 

£P  =  2nxAB  =  2gn (640) 

Prom  Pig.  388, 

AP^^/aF  +  BP^g^Y  +  4n».      .     .      (641) 

Now  make  BA^  =  AB  and  draw  A  J".    Then  APA^  =  HPG  = 

O  central  angle;  angle  A  common  in  the  triangles  APA^  and  APC. 

Hence  AA,  xAPwAP.POy  bb  PC  =  AC  =  R+ iff.    Then  R 

,  ,         AP^       g^l  +  4w«)       ,   ,,    ,    ,   ,x      XT 
+  fc7=-2j;=^ ^  =  iiy(l  +  4w').    Hence 

R  =  2gn^  -BPxn (642) 

Again:  chord  ap  :  chord  AP  :  i  R  \  R-^^g,    Hence 


chord.;.  =  ^^^  =  ^X^^^  +  ^"'=    ,-^^.(643) 
P^  +  y  \9iX  +  ^n')  4/1 +  4«' 

Por  small  angles  the  tangent  offsets  vary  as  the  square  of  their 
distances  from  the  tangent  point,  as  was  shown  in  paragraph  17, 
equation  (9). 

2)^  =  ^andPJf=^;    hmix^  AD*  \AJt  :i  DE  i  PM,  or 

AB^g;    .\AD=AMi/—' 


AM=  BP  =  2^n;    .-.  AD  =  V^tn^g  X  DE  -   V2R  x  DE.   (644) 

All  of  the  required  quantities  have  been  found.  Knowing  R, 
we  iBind  the  degree  of  curvature;  the  angle  to  be  turned  is  one  half 
the  frog-angle;  the  centre  line  of  the  turnout  can  be  located  by 
deflections  from  a,  using  short  chords  of  not  over  20  feet.  But 
since  such  curves  are  usually  very  sharp,  the  distance  for  the  given 


POBMATION  A1II>  PEBHANENT  WAY.  1269 


deflection  must  be  measared  on  the  arc;  that  is,  the  actual  chord 

for  a  given  length  of  arc  of  20  feet  must  be  used.    Or  with  a  table 

of  chords  we  can  find  the  proper  deflection  for  an  assumed  length 

of  chord  by  finding  the  arc  sin  of  the  length  of  chord  divided 

by  twice  the  radius* 

chord 
Length  of  chord  =  2  sin  Ja  X  R,  sin  ^a  =      j^  ,  and  |a,  or  the 

deflection 

.    chord      20       10  ,^,^. 

=  arcsm-^  =  ^=^,     ....      (646) 

ior  a  20-foot  chord,  whatever  may  be  the  degree  of  curvature. 

Assuming  a  No.  8  frog,  frog-angle  will  be  7**  09'  10".  Substi- 
tuting in  the  proper  equations  given  above,  we  find  BP  =  75.328; 
chord  ap  =  75.181  feet;  switch  AD  =  22.418;  B  =  602.624  feet; 
degree  of  curve,  9**  31'  07",  when  the  gauge  =  4'  8^"  =  4.708 
feet  and  throw  =  5  inches  =  0.417  feet;  and  similarly  for  any  other 
frog-angle  or  number  of  frog.  Thus  all  of  the  elements  for  locat- 
ing point  of  frog  and  turnout  curve  are  known.  There  is  no  need 
of  such  great  nicety  of  calculation  and  labor  in  laying  out  the  turn- 
out with  transit  deflections.  The  distance  BP  being  measured  on 
the  main-track  rail  from  the  point  B  opposite  the  heel  of  switch  A 
the  point  of  frog  is  located.  Then  measuring  a  distance  equal  one 
half  the  gauge  =  ig  from  the  points  B  and  P,  we  fix  the  points  a 
and  p  on  the  centre  line  of  the  turnout.  This  locates  and  gives 
the  length  of  the  chord  ap,  or  it  can  be  calculated  exactly  from 
eq.  (638).  Whatever  may  be  its  length,  the  middle  ordinate  from  it 
to  the  curve  is  always  iff,  and  its  quarter-point  ordinates  =  i  x  ig 
=  r^g,  which  enables  us  to  locate  three  intermediate  points  on  a 
curve  whose  chord  will  seldom  be  over  100  feet  in  length. 

For  turnouts  from  curved  main  tracks  the  principles  involved 
are  the  same  as  for  straight  lines.  Two  cases  arise:  (1)  when  the 
turnout  is  on  the  inside  of  the  curve,  and  (2)  when  it  is  towards 
the  outside.  For  ordinary  values  of  the  radius  of  the  main  track 
curve,  the  lengths  BP  and  ap  are  practically  the  same  as  for  turn- 
outs from  straight  lines.  The  degree  of  curve  for  the  turnout  is  in 
case  1  about  equal  to  the  sum  of  the  degree  of  curve  for  the  main 
track  and  that  for  the  turnout  from  a  straight  line  for  the  same 
frog- angle,  and  in  the  case  2  the  difference  between  the  two  degrees 
of  curvature. 
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For  a  doable  turnout  three  frogs  are  required.  The  two  where 
turnout  rails  cross  the  rails  of  the  main  track  are  placed  opposite 
to  each  other,  and  have  the  same  frog  number.  The  middle  one, 
where  the  rails  of  the  turnout  curve  intersect,  has  a  different  frog- 
angle  and  number.  If  the  two  first  frogs  are  n  and  n',  and  n  =  n', 
then  the  middle-frog  number  will  be  approximately  ;*"  =  0.7071ii. 
Witii,  then,  two  frogs  whose  equal  number  is  w  =w'=r8.0,  then  the 
centre  frog  number  will  be  n"  =  0.7071  X  8  =  5.6568,  or  No.  5i, 
or  the  nearest  standard  number  to  it. 

For  a  full  discussion  of  the  many  problems  connected  with 
switches,  frogs,  and  turnouts,  see  field-books  for  engineers,  by  the 
following  named  authors:  Searles,  Henck,  Smith,  and  Shnnk. 

ART.  LV. 

TORBION  OR  TWISTINa  STRAINS. 

10S6.  The  bridge  engineer  has  very  little  to  do  with  torsional 
strains,  as  all  such  structures  as  a  whole  as  well  as  in  their  parts 
are  designed  and  connected  to  avoid  the  occurrence  of  such  strains, 
and  they  are  not  generally  considered  in  such  structures;  for 
this  reason  little  discussion  or  space  will  be  given  .to  this  sub- 
ject. But  as,  in  the  experience  of  many  engineers,  screw-piles  of 
iron  and  timber  are  frequently  used,  a  short  notice  of  this  subject 
may  not  be  inappropriate. 

1037.  If  two  equal  and  opposite  couples  be  applied  to  a  rectan- 
gular, circular,  or  other  form  of  prism  at  two  cross-sections,  the 
planes  of  the  couples  being  perpendicular  to  the  axis  of  the  prism, 
the  tendency  is  to  cause  that  portion  of  the  prism  between  the 
planes  of  the  couples  to  rotate  or  twist  in  opposite  directions  abont 
the  axis  of  the  shaft  or  prism.  One  of  these  couples  is  usually  that 
of  some  externally  applied  force;  the  other  and  opposite  conple 
is  that  of  some  resisting  force.  The  moment  of  these  couples  is 
called  a  twisting  nioment  or  moment  of  torsion.  Mr.  Burr  states 
that  the  coefficients  of  elasticity  for  shearing  and  torsion  are  the 
same,  that  those  two  stresses  are  identical  in  character,  and  that 
the  coefficient  of  elasticity  for  shearing  lies  between  one  third 
and  one  half  of  the  coefficient  of  elasticity  for  tension.  The  value 
of  F,  the  coefficient  of  elasticity  for  cast  iron,  may  be  taken  as 
between  6,000,000  and  7,000,000  pounds  per  square  inch;  for 
wrought  iron  8,000,000  to  9,000,000  pounds,  and  steel  8,000,000  to 
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Fig.  389. 


14,000,000  pounds;  for  white  pine  220,000,  yellow  pine  500,000 
to  600,000,  and  for  oak  570,000;  locust,  1,225,000,  pounds  per 
square  inch.  These  are  for  shearing  or  torsion,  and  are  only  ayer- 
age  values.  Let  AB  represent  a 
prism  with  a  circular,  elliptical, 
square,  or  rectangular  cross-sec- 
tion, and  fixed  in  position  at  the 
bottom,  the  axis  of  the  cylinder 
coinciding  with  the  co-ordinate 
axis  X.  If  now,  a  couple  be  ap- 
plied at  any  cross- section, — the 
top  section  in  the.  figure, —  the 
plane  of  the  couple  being  perpen- 
dicular to,  or  the  axis  of  the 
couple  coinciding  with,  the  axis 
of  the  prism,  the  moment  of  this 
couple  =  P  X  a^  is  the  twisting 
moment  or  moment  of  torsion,  in 
which  P  is  the  externally  applied 
force  in  pounds,  and  its  lever- 
arm  db  is  in  inches:  so  the  mo- 
ment of  torsion  M^  will  be  in 
inch-pounds.  We  then  wish  to  find  the  condition  of  strain  and 
stress  at  any  cross-section  of  the  prism,  and  also  the  angle  of  tor- 
sion, which  is  measured  by  the  angle  between  two  diameters,  drawn 
in  any  two  sections  of  the  prism,  originally  parallel  or  in  the 
same  longitudinal  plane.  Assuming,  first,  a  cylindrical  prism: 
then,  as  the  prism  is  of  uniform  section  and  the  moment  of  torsion 
is  also  uniform,  the  condition  of  strain  and  stress  in  every  cross- 
section  is  the  same,  as  will  be  also  that  of  every  indefinitely  small 
portion  at  the  same  distance  from  the  axis.  If,  then,  two  cross- 
sections  A^  and  J^,  distant  from  each  other  by  dx^  be  taken,  the 
entire  surfaces  or  any  particles  in  the  same  longitudinal  plane  con- 
taining the  axis  of  the  prism  will  move  relatively  to  each  other 
through  an  indefinitely  small  angle  f/i,  the  one  point  having  passed 
over  this  angle  more  than  the  other,  without  regard  to  the  actual 
angular  distance  passed  over  by  either.  The  original  distance 
between  the  two  points  being  dx^  the  distance  apart  after  twisting 
will  be  vdXy  in  which  v  is  the  strain  or  distortion  in  a  plane  per- 
pendicular to  the  radius  r,  passing  through  the  point,  and  di  being 
the  arc  or  angle  passed  over  by  one  point  in  excess  of  the  other. 


Fig.  889. 
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The  distance  passed  through  at  a  distance  from  the^aicis  rwill  be 
rdi;  hence 

J* 
vdx  =  rdi;    /.  the  strain  or  distortion  v  =  r^-,  .    (646) 

which  varies  as  the  distance  of  the  point  from  the  axis  of  the 
prism.  This  strain  is  similar  to  a  shearing  strain.  There  must  be 
developed^  then,  an  internal  shearing  resistance  or  stress  at  each 
point  whose  intensity  is  proportional  to  its  distance  from  the  am 
Hence 

8  =  Fv  =  Er^, (647) 

E  being  a  constant  coefficient. 

If,  then, /represents  the  ultimate,  proof,  or  working  resistance 
to  shearing  and  r^  the  greatest  radius  of  the  prism,  then /is  the 
coefficient  or  modulus  of  resistance  at  the  outside  fibres,  and  at 
any  point  r  distance  from  the  radius  it  will  be 

^  =  8 (648) 

If,  then,  any  cross-section  A  foe  divided  into  a  series  of  concen- 
tric rings  dr  in  width,  the  area  of  one  of  these  rings  will  be  2nrdr; 
the  total  stress  on  this  area  is  2nrdrs,  and  its  distance  from  the 
axis  being  r,  the  moment  of  this  pressure  is  Mt=:Pxab^2nr^drs, 
Substituting  value  of  s  from  equation  (648), 

M,  =  Pxah  =  ^  fr'dr, (649) 

r,  t/ 

which,  integrated  between  the  limits  of  r  =  0  and  r  =  r.,  gives 

Jf,  =  PXaJ  =  ?^/>dr  =  '^*  =  ^^     .    (650) 

And  for  a  hollow  cylinder,  integrating  equation  (649)  between  r= 
r,  and  r  =  r^,  then 


Mt  =  PXab  =  —^  Tr'dr. 

r.  t/r, 
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r,  =  internal  radins,  r^^r^^  metal  thickness.    Then 

Jf,  =  Pxaft  =  ^^!^^-^;    ....     (651) 

or,  expressing  equations  (650)  and  (651)  in  terms  of  the  diameter, 
for  a  solid  axle  or  shaft, 


(652) 


for  a  hoUow  axle  or  shaft, 

M,-Pxab jg^— L- —^—.     .    (653) 

nil 
r,  =  id,;  r,  =  K;  x  =  3.1416;  —  =  ^j^  =  ^,  nearly. 

In  eqna.  (137)  the  moment  of  resistance  of  solid  and  hollow  cyl- 
indrical beams  to  cross-breaking  was  fonnd  to  be,  for  solid  beams. 


_fl_nfd*_    1 


M,--'—  = 


=  T^d'i 


32.       10.2 


to  resist  twisting. 


iC  =  ^/^«; 


•      .      • 


.    (654) 


For  hollow  beams,  resistance  to  cross-breaking. 


"''  ~  10.2  d. 


for  hollow  beams,  resistance  to  twisting, 

M  _  1  Ad:  -  d:) 


> . 


•       •       . 


.    (655) 


From  these  equations,  for  the  %ame  value  of  /,  we  see  that  the 
re!sistance  to  twisting,  whether  under  working,  proof,  or  ultimate 
strain,  is  about  double  that  of  the  same  beam  or  prism  to  cross- 
breaking. 

1038.  As  the  value  of /is  the  same  for  shearing  and  torsion,  we 
can  take,  as  given  in  previous  articles,  for  ultimate  resistance  of 
wrought  iron  /  =  0.8  its  tensile  strength,  or,  say,  from  40,000  to 
48,000  pounds;  and  for  working  strength  or  resistance  one  fifth  of 
40,000  or  48,000  =  from  8000  to  9600  pounds  per  square  inch.    For 
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cast  iron  the  ultimate  may  be  taken  as  equal  to  the  tensile  strength^ 
from  16,000  to  20,000  pounds,  and  working  resistance  to  torsion, 
3400  to  4000  pounds,  per  square  inch  for  /in  the  above  equations. 
For  steel  the  ultimate  resistance  to  shearing  is  about  equal  to  three 
quarters  of  its  tensile  strength  =  f  X  72,000  =  54,000  pounds  per 
square  inch,  or  for  working  stress/  =  i  X  54,000  =  13,500  pounds 
per  square  inch.  Then,  from  eqs.  (652)  and  (653),  if  P,  aby  and  / 
are  given,  we  can  find  the  diameter  of  the  prism  or  shaft.  For  a 
solid  shaft  we  have 


or,  with/,  d,  and  ah  =  y, 

p^M,^^ (657) 

y     5.iy 

Prom  eq.  (657)  we  see  that  the  force  required  to  produce  rup- 
ture by  twisting  or  torsion  is  independent  of  the  length  of  the  shaft. 
This  is  true  for  pure  torsion,  but  it  is  almost  always  the  case  that 
there  will  exist  some  normal  force  which  will  result  in  causing  a 
bending  monient  on  the  prism,  which  will  increase  with  the  length; 
and  hence  for  long  shafts  or  prisms  the  value  of  d  in  eq.  (656)  will 
be  too  small. 

1039.  Examples, — Required  the  diameter  of  a  solid  shaft  to 
resist  with  safety  a  twisting  force  of  3000  pounds  acting  with  a 
lever-arm  of  18  inches,  assuming  a  safe  resistance  (for  wrought 
iron)  of  9000  pounds  =/,  if^  =  P  X  y  =  3000  X  18  =  54,000  inch- 
pounds. 


.-.  d  =  y  - — ^^r—r =  3.125  inches,  nearly,  =  3^  inches. 

For  cast  iron  and  steel  substitute  for/,  4000  and  13,500  pounds, 
respectively,  instead  of  9000  pounds.  For  a  round-timber  log  or 
pile  a  safe  value  of/  will  be  about  500  pounds.  Substituting  this 
in  eq.  (656), 


,       y^.lMt       ,/5.1X  192000      ,„K.     ,  , 

F  =  2000  pounds;  y  =  8'  =  96  inches;  if,  =  96  X  2000  =  192,000 
inch-pounds. 
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For  hollow  shafts  or  piles  the  material  employed  would  usually  be 

cast  iron.    To  find  the  diameter,  use  eq.  (653),  M^  =  -    ^         '   . 

Assumiug  the  outer  diameter  e^,  =  10  inches,  the  inner  rf,  =  8  inches, 

then   d,'  -  d:  =  5904,    /*=  4000  pounds;   M^  =  ^^.  ^  -^^  = 

463,840  inch-pounds  =  P  X  y,  if  the  lever  arm  y  (or  its  equiv- 
alent gearing)  is  10  feet  long  =  120  inches;   then  P  X  120  = 

463,840.   .-.  P  =  =  3865  pounds  (nearly)  as  the  value  of  the 

safe  externally  applied  force. 

If  the  power  is  applied  to  a  shaft  so  as  to  produce  any  number 

n  of  turns  or  revolutions  per  minute,  and  HP  is  the  number  of 

horse-power  to  be  transmitted,  r  the  radius  of  the  shaft,  then  the 

.          .         J  •*    X          J        n  u    ^Ttrn  X  P      27cn  X  Pr 
work  performed  in  foot-pounds  will  be  r^r = =^ ; 

Lfi  1/V 

Pr  =  Mti  and  IHP  =  33,000  foot-pounds  per  minute.     Hence 

12-7^3000  =  ^^' ^^^^> 

the  number  of  horse-powers;  hence 

12  X  33000  X  HP 


M,= 


2nn 


and  for  a  solid  shaft. 


d  =  //5.1  X  12  X  33000  X  HP  ^  ^  434/^ 
^  2nnf  '     ^     n  *    ' 


(659) 


when /is  taken  at  a  safe  working  load  of  8000  pounds  per  square 
inch.  Prom  this  last  value  of  d  we  see  that  as  HP  remains  con- 
stant and  n  increases,  the  smaller  will  be  the  value  of  the  diameter 
required. 

For  Square  or  Rectangular  Shaft  or  Pile.— Mr.  Trau twine  says 
that  the  strength  of  a  square  shaft  to  resist  torsion  is  one  and  one- 
fifth  times  that  of  a  round  shaft  whose  diameter  is  equal  that  of 
one  of  the  sides  of  the  square,  or  about  one  fifth  less  than  that  of  a 
round  one  having  the  same  area  of  cross-section.     Mr.  Rankine 
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states  the  value  of  the  moment  of  torsion  for  a  sqnare  shaft  ii  Jtfi 
=  0.281/%*,  h  being  the  side  of  the  square,  or 


Substituting  for  Mt  and  /  any  of  the  preceding  values,  we  find  h, 
the  side  of  the  square. 

1040.  It  is  easy  from  eq.  (647)  to  find  the  angle  of  torsion  under 

any  given  safe  moment  of  torsion,  -j-  =  -^;  since  ^  is  constant, 
we  have  3-  =  -.    ,•.*  =  -=-;  but  from  eq.  (648)  —  =  — : 

■••'=i=S. <««■' 

Taking  for  wrought  iron  /  =  9000  and  E  =  9,000,000,  t  = 

10555: "  5^.  '*'''  '^'^'^  '^'*"' "  ¥ = i^- 

fl 
The  moment  of  resistance  to  cross-breaking  being  Jf  =  "^  = 

-^,  and  /  for  a  solid  cylinder  being  -^,  M  =  -4a^;  but  Mt  = 

2M='^\    Hence 

16 

1  /» ■■/■ 
/= —^,  substituting  in  eq.  (661); (662) 

i  =  — ^v~*  ^^  terms  of  the  moment,  and  coeflScient  of  elas- 
ticity, length,  and  diameter. (663) 

Substituting  proper  values  of  /=  7^        in  if  =  — ,  and  re- 

ducing, 

i  =     r,.  ,4 — j-K  for  hollow  shafts.    .    .    .    (664) 
nE{d;  -  rf/)  ^ 

From  eqs.  (663)  and  (664)  we  see  that  the  angle  of  torsion 
varies  as  the  moment  of  torsion  and  length  of  prism  directly,  and 
inversely  as  the  coefficient  of  elasticity  of  torsion  and  the  fonrtli 
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power  of  the  diameter.  For  the  same  material,  same  moment  of 
torsioD,  and  same  diameter,  it  Taries  with  the  length  of  the  shaft 
or  pile,  and  although  the  force  required  to  produce  rupture  is  inde- 
pendent of  the  length,  it  (the  force)  must  pass  over  a  gi*eater  angu- 
lar distance  in  the  case  of  a  long  prism  to  twist  the  shaft  off,  or 
strain  it  beyond  a  safe  limit,  than  with  a  short  one.  Hence  the 
moment  of  torsion  must  not  be  so  great  as  to  make  the  angle  of 
torsion  exceed  a  certain  number  of  degrees  of  arc.  This  angle  i 
should  not  exceed  1**,  or  at  most  2**  or  3°.  As  stated  before,  the 
principles  established  and  formulae  deduced  seldom  come  in  the 
practice  of  bridge-building,  except  in  putting  down  timber  or  iron 
screw-piles,  and  in  these  cases  the  above  equations  enable  us  to  de- 
termine the  safe  twisting  force  or  moment  in  case  of  piles  of  any 
given  dimensions.  The  diameter  is  generally  fixed  so  as  to  ulti- 
mately carry  a  certain  working  load. 

1041.  The  resistance  to  screwing  piles  in  sand  or  gravel  is  very 
great,  and  it  is  so  easy  to  multiply  the  moment  of  the  force  applied 
by  suitable  gearing  that  there  is  always  great  danger  of  straining 
screw-piles  beyond  a  safe  limit  in  endeavoring  to  force  the  piles  to 
great  depths.  In  such  cases  the  resistances  should  be  reduced  by 
the  water-jet.  (See  work  on  Foundations,  by  the  author  of  this 
volume.)  The  writer  in  putting  in  iron  piers  composed  of  eight 
screw-piles  to  each  pier,  in  two  rows  of  four  piles  each,  for  a  bridge 
across  the  Mobile  River,  where  it  was  intended  to  screw  the  piles 
into  tbe  bed  of  the  river  to  a  depth  of  from  30  to  40  feet,  found  it 
impracticable  to  screw  them  to  a  greater  depth  than  15  to  18  feet 
in  a  rather  compact  and  fine  sand  without  perceptibly  and  injuri- 
ously twisting  the  shafts,  which  were  of  wrought  iron,  solid  cylinders 
of  6  itiches  diameter. 

The  power  was  applied  to  the  crank  handles  of  a  worm-screw 
shaft  by  men,  the  number  of  men  varying  from  eight  to  sixteen, 
half  of  these  numbers  working  at  each  end  of  the  worm-screw 
spindle,  which  geared  into  a  large  cog-wheel,  in  the  centre  of  which 
the  iron  pile  was  so  gripped  that  it  turned  with  the  cog-wheel.  By 
these  means  the  force  applied  by  the  men  was  multiplied  many 
times. 

In  one  or  two  instances,  the  resistance  becoming  very  great  at 
the  above  depths  below  the  bed  of  the  river,  the  length  of  the  shaft 
from  the  screw-disk  at  the  bottom  being  about  30  feet  and  unsup-  ■ 
ported  length  above  the  bed  of  the  river  about  15  feet,  the  piles 
were  twisted  through  a  considerable  angle,  and  further  screwing 
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was  stopped  to  prevent  serious  and  permanent  injury  to  the  pile, 
and  the  sinking  of  other  piles  regulated  accordingly. 

That  the  applied  force  was  very  great  was  evident  by  the  fact 
that  before  perceptibly  twisting^  a  number  of  blocks  with  steel  teeth 
would  shear  off  iron  shavings  from  the  surface  of  the  shaft,  and  on 
two  or  more  repetitions  of  this  shearing  the  sinking  was  stopped. 
Referring  to  eqs.  (661)  and  (663)  for  solid  shafts,  we  have  for  a 
given  value  of  stress /the  angle  of  torsion 

.       2/a;  _      iEd, 

and  for  a  given  value  of  the  twisting  moment 

nEdr    •'•^'-      32.T    "  10.2a;  ^ 


%  = 


Substituting  for  wrought  iron   solid  shafts,  E  =  9,000,000; 

d  =  6   inches;    a;  =  15'  =  180  inches.      These  formulsB    become 

.      9000000  X  6a:i     *    .^^^.      j.  .  .  ,  ,  ^, 

J  ~ o  y  iQA —  ~  150,000i.    If  I  IS  one  degree  of  arc,  then  arts 

i=z-—=z  0.0551 ;  .-.  /  =  150,000  X  0.0551  =  8265  pounds.  With 
the  same  limiting  value  of  i,  we  have  from  eq.  (663) 

^       0.055  X  9000000  X  1296       o^o  o/jrv-     u  ^ 

Mt  = yq2 ~  348,867  inch-poandfl. 


Substituting  these  values  md=  f/^-^^' 


f    ' 


=  V 


5.1  X  348867       .  no^  •     i,  ^  -     i, 

— —-— =  5.995  inches  or  6  inches. 

82od 


The  above  shows  the  application  of  the  various  formulae  which, 
although  far  from  being  absolutely  accurate,  can  be  useful  guides 
in  giving  safe  working  results,  as  a  factor  of  safety  varying  from  4 
to  6  is  or  should  always  be  allowed. 

1041a.  Reailie7ice  or  Spring  is  defined  either  as  the  quantity  of 
mechanical  work  required  to  produce  a  given  state  or  condition  of 
strain  in  a  body,  or  as  the  quantity  required  to  produce  the  proof 
strain.  In  either  case  it  is  the  product  of  the  strain  or  alteration 
in  form  by  the  mean  intensity  of  the  stress  acting  in  the  same 
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direction  and  developed  during  the  production  of  the  strain,  this 
mean  stress  being  nearly  or  exactly  equal  to  one  half  of  the  stress 
^corresponding  to  the  strain. 

The  work  performed  by  any  force  against  a  resistance  is  the 
product  of  the  resistance  or  equal  force  by  the  distance  through 
which  the  resistance  is  overcome.  Hence  if  P  be  the  force  and  x 
the  distance  through  which  it  acts,  the  work  expended  is  =  Pz  foot 
or  inch  pounds,  without  reference  to  the  time  taken  to  perform  the 
work.  Power,  however,  is  used  to  denote  the  rate  of  doing  work, 
.such  as  so  many  foot-pounds  per  minute,  the  usual  term  horse- 
power denoting  550  foot-pounds  raised  1  foot  per  second,  33,000 
pounds  1  foot  per  minute,  or  1,980,000  pounds  raised  1  foot  per 

hour.     The  work  performed  by  a  force  gradually  increasing  from 

p 

0  to  P  is  evidently  equal  to  that  of  a  constant  force  of  —  acting 

through  the  same  space.  Or  if  the  same  loads  are  first  applied  sud- 
denly or  all  at  once,  and  again  applied  gradually,  increasing  uni- 
formly from  0  to  the  same  amount,  the  strains  caused  and  stresses 
developed  will  be  twice  as  great  in  the  former  as  in  the  latter 
case;  and  to  carry  the  same  ultimate  loads  the  strength  also  will 
have  to  be  doubled,  and  this  is  true  whether  the  ultimate  proof  or 
working  strain  is  one  of  compression,  tension,  torsion,  or  bending. 

If,  then,  we  take  a  bar  under  a  tensile  stress  ^  whose  original 
length  is  2:,  its  length  under  a  tensile  strain  will  be  2;  -|-  aXy  a  being 
its  elongation  or  stretch  per  unit  of  length,  or  as  commonly  called 
ats  strain.    Then  E  being  the  coefficient  of  elasticity  of  tension,  we 

have  J?  =  ~  or  a  =  ^,;  .•.  aa:  =  "^-  will  be  the  entire  elongation  or 

stretch  of  the  bar.     Then  if  /  be  the  proof  or  working  value  of  J9, 

and  A  the  area  of  crosa-section  of  the  bar,  then  the  force  acting 

fx 
through  the  space  or  elongation  -^  will  increase  from  0  to/4  with 

fA 
a  mean  value  of  ~-.    Hence  the  resilience  or  work  performed  in 

fA       fx       P   Ax 
stretching  the  bar  to  the  strain  /  will  be  i?  =  =^p  X  -^  =  4f .  -jr-. 

From  this  we  see  that  the  work  expended  is  composed  of  two 

.A.X 
factors,  viz.,  -5-  =  one  half  the  volume  of  the  bar,  and  the  factor 

^,  called  the  Modulus  of  Resistance,  in  which  /  is  the  greatest 
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intensity  of  the  stress  allowed.  This  principle  explains  the  neees- 
sity  of  making  the  factor  of  safety  much  larger  for  moving  loads 
than  for  steady  or  dead  loads.  The  actual  conditions  caused  by  a 
rapidly  moving  load  are  not  exactly  the  same  as  a  suddenly  apphed 
load,  but  approximately  so. 

The  above  principles  are  applied  to  beams  under  a  transverse 
strain  in  the  following  manner:  For  a  single  load,  applied  at  the 
end  for  a  beam  fixed  at  one  end  and  loaded  at  the  other,  or  at  the 
centre  in  case  of  a  beam  supported  at  both  ends. 

As  the  strain  in  a  beam  is  the  deflection  of  the  beam  v,,  the 

Wv 

resilience  or  spring  of  the  beam  is,  for  a  load  W,  B  =  -^.    Then, 

for  a  beam  fixed  at  one  end,  we  have  W=^-j  =  -^ — ;  and  for  the 
maximum  deflection,  v.  =  -^f —  =  — j^.    Hence  the  resilience 

three  factors  ^-r*  which  depends  on  the  form  of  the  beam  and 

manner  of  supporting  it.  For  beams  of  uniform  rectangular  cross- 
section,  as  seen  in  Arts.  XXXII  and  XXXV,  Deflection  of  Beams, 
n  ^  ^,m'=i;  for  beams  fixed  at  one  end  and  loaded  at  the  other, 

n^'  =  J  or  -jr—f  -=  — ;  and  when  uniformly  loaded,  which  could 

hardly  be  possible  for  a  suddenly  applied  load,  n"  =  i;  hence 

^r—r  =  — .  The  second  factor  is*^,  or  modulus  of  resilience;  and 
Im'       24  E 

the  third,  Ihdy  is  the  volume  of  the  beam. 

For  beams  supported  at  both  ends,  and  with  the  same  length  of 

span  as  before,  and  if  strained  to  the  same  value  of  /,  the  load 

would  have  to  be  =  2  Tr^;  hence  WjV,  =  — r  -"^^W. 

Substituting  for  a  single  weight  at  the  centre,  n  =  J,  *w'  =  \, 

w"  =  i;  then  ^  =  \.    And  for  a  uniformly  distributed  load, 

The  suddenly  applied  load  produces  twice  the  stress  and  twice 
the  strain  as  when  the  same  load  is  applied  by  gradual  and  uniform 
increase  from  0  to  W, 
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10416.  In  addition  to  the  causes  already  given  for  decrease  of 
strength  in  metal  structures,  or  other  deteriorations  resulting  from 
fatigue  of  metal,  vibrations,  shocks,  alternation  in  kind  and  amount 
of  strain  from  changes  of  temperature  and  the  effects  of  exposure 
to  ordinary  atmospheric  influences,  moisture,  and  various  gases, — 
m^tal  structures,  such  as  the  roofs  of  stations,  notably  large  union 
or  central  stations,  tunnel-linings,  when  of  metal,  overhead  high- 
way or  railway  structures  or  bridges  under  which  many  trains  pass 
daily,  have  always  been  assumed  to  be  more  or  less  injuriously 
affected  by  exposure  to  the  gases  or  solid  particles  projected  with 
considerable  force  from  the  smokestacks  of  locomotives;  but  ap- 
parently little  serious  attention  has  been  given  to  this  matter. 
The  structures  are  painted  from  time  to  time  with  asphaltic,  red 
oxide,  or  some  of  the  many  prepared  paints,  and  no  special  exami- 
nations made  to  determine  the  extent  of  deterioration  or  the  prob- 
able cause.  That  this  is  a  matter  of  more  than  passing  notice 
would  seem  to  be  indicated  by  an  account  found  in  the  Eng,  News, 
Jan.  19,  1893,  of  the  actual  extent  of  corrosion  in  certain  mem- 
bers of  iron  bridges.  The  bridge  was  constructed  in  1879,  exam- 
ined in  1892, — hence  in  use  thirteen  years.  The  floor  of  the 
bridge  was  close-timbered  with  oak  stringers  and  plank.  The 
corrosion  seemed  to  be  confined  entirely  to  those  members  or 
portions  of  members  below  the  flooring,  and  greatest  at  the  con> 
nections  between  the  truss  members  and  lower  chords,  thereby 
indicating  the  direct  cause  of  corro&ion  to  be  due  to  engines  pass- 
ing under  the  bridge,  and  not  to  ordinary  atmospheric  influences. 
The  corrosion  may  be  caused  partly  by  chemical  and  partly  by 
mechanical  action,  the  gases  discharged  by  the  engine,  heat,  moist> 
nre,  force  of  the  blast,  driving  solid  particles  of  grit,  cinders,  etc.> 
against  the  members.  It  is  well  known  that  lace  patterns  are  cut 
on  glass  by  the  use  of  the  sand-blast  without  destruction  to  the 
lace  patterns.  It  is  known  that  sulphurous-acid  vapors  with  atmos- 
pheric moisture,  forming  sulphuric  acid,  with  its  corroding  effects^ 
and  also  volatile  compounds  of  iron  and  carbon  monoxide,  are 
formed  at  relatively  low  temperatures.  All  of  these  conditions  and 
results  may  arise  from  the  smokestack-discharges.  Which  one  of 
these  has  the  greatest  effect  is  not  known;  probably  all  combine  to 
cause  a  serious  reduction  in  metal  areas  after  the  lapse  of  years,  as 
the  following  examples  show:  In  the  exposed  parts  of  the  struc- 
ttare  above  mentioned  many  angle-irons  were  reduced  in  area  of 
cross-section  and  weight,  and  consequently  in  strength,  from  25.9 
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to  61.5  per  cent,  with  an  average  of  over  40  per  cent  reduction, 
which  is  about  3  per  cent  per  annum,  showing  the  danger  of  work- 
ing structures  on  a  too  small  factor  of  safety  under  such  circum- 
stances. Web-plates  were  reduced  from  a  thickness  of  f  incn  to  J 
and  ^  inch,  or  nearly  or  fully  one  half.  The  timber  stringers,  on 
the  other  hand,  seemed  to  be  preserved,  as  no  material  decay  or 
deterioration  after  thirteen  years'  use  was  observed,  except  aronnd 
bolts  or  spikes.  If  these  facts  are  reliable — as  doubtless  they  are — 
they  show  a  reduction  in  the  working  strength  of  iron  bridges 
under  such  conditions  of  from  40  to  50  per  cent  in  the  short  period 
of  thirteen  years. 

1042.  The  following  extracts  from  a  paper  read  at  the  New. 
York  meeting  of  the  Society  of  Naval  Architects  and  Marine  En- 
gineers by  Mr.  Russell  W.  Davenport,  Second  Vice-President  Beth- 
lehem Iron  Co.,  and  published  in  full  in  the  Engineering  Xeics, 
November  23,  1893,  are  particularly  interesting  as  showing  the 
present  development  of  the  manufacture  of  heavy  steel  forgings  in 
the  United  States,  and  as  showing  the  special  requirements  of  steel 
for  the  many  purposes  demanded  at  the  present  time,  the  defects 
likely  to  arise  in  the  process  of  manufacture,  the  difficulties  en- 
countered, and  the  means  of  meeting  and  overcoming  them. 

It  has  only  been  in  the  last  few  years  that  suitable  facilities  for 
the  producticfti  of  the  heavy  steel  forgings  required  either  in  the 
construction  of  modern  marine  engines  and  cannon  of  the  larger 
calibres  or  for  forged  armor-plate  have  been  provided  in  the 
United  States.  Heavy  shafting,  cranks,  connecting-rods,  etc,  had 
been  made  of  wrought  iron.  These  have  a  low  elastic  limit,  prob- 
ably not  averaging  over  20,000  pounds  per  square  inch,  and  though 
having  a  high  degree  of  toughness  and  uniformity,  the  danger  of 
imperfect  welds  and  the  occurrence  of  porous  spots,  especially  in 
large  forgings,  inclosing  slag  and  scale,  are  always  a  menace  to  the 
uniform  strength  so  desirable  in  such  pieces.  So  long  as  steel  was 
made  by  the  crucible  process,  and  was  melted  in  crucibles  contain- 
ing from  60  to  90  pounds  apiece,  the  production  of  large  ingots 
required  for  heavy  forgings  presented  many  and  great  diflBculties, 
though  forgings  of  moderate  size  have  been  made  of  steel  produced 
by  the  Bessemer  process.  Fried.  Krupp  of  Essen  exhibited  cru- 
cible-steel ingots  weighing  5000  and  115,000  pounds. 

The  usual  charge  of  the  Bessemer  converter  does  not  exceed 
about  8  tons  of  steel,  and  it  is  difficult  to  combine  several  charges 
in  one  large  mould. 
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By  the  open-hearth  process  a  uniform  product  can  be  obtained, 
:and  the  product  of  several  furnaces  can  be  conveniently  united  in 
one  mould. 

The  history  of  the  development  and  the  perfecting  of  suitable 
and  powerful  machinery  in  England,  Prance,  and  Germany,  and 
the  introduction  of  this  machinery  into  this  country  by  the  Beth- 
lehem Iron  Co.,  almost  regardless  of  the  cost,  is  fully  described  in 
tlie  paper  referi'ed  to  above — such  as  forging-hammers  having  a 
falling  weight  of  100  to  125  tons;  hydraulic  forging-presses,  com- 
plete, with  engine  and  pumps,  having  a  capacity  of  from  1500  to 
4500  tons;  complete  fluid-compression  plant,  including  a  press  of 
7000  tons  capacity,  and  a  125-ton  hydraulic  travelling-crane  for 
serving  it  (the  upper  and  lower  heads  of  this  press  weighing, 
respectively,  about  135  and  120  tons);  designs  of  open-hearth 
furnaces;  large  machine-tools,  such  as  lathes,  boring-mills,  and 
everything  essential  to  the  greatest  efficiency  and  range  of 
work.  Subsequently  a  double- cylinder  forging-press  of  14,000 
tons  capacity,  with  pumps,  driven  by  15,000-horBe-power  engines, 
was  designed  and  built  by  Mr.  John  Fritz,  the  general  superin- 
tendent, and  Mr.  E.  D.  Leavitt,  consulting  engineer  for  engines 
and  pumps. 

A  short  discussion  of  the  conditions  necessary  and  the  most 
improved  methods  employed  for  producing  uniformly  reliable 
forgings  of  such  quality  as  to  offer  maximum  resistance  to  strains 
is  given  under  the  following  heads:  (1)  The  Casting  of  Ingots;  (2) 
The  Conditions  of  Shaping  or  Forging;  (3)  Treatment  after  Forg- 
ing; (4)  The  Introduction  of  Unusual  Ingredients  into  the  Compo- 
sition of  Steel  intended  to  give  to  it  Desirable  Qualities. 

1043.  Casting  of  Ingots, — Certain  defects  are  likely  to  occur  in 
all  steel  ingots,  Especially  in  large  and  heavy  ones. 

They  are  developed,  for  the  most  part,  during  the  solidification 
and  cooling  of  the  fluid  steel,  and  caused  by  the  great  change  of 
temperature  which  then  takes  place. 

They  can  be  classified  as  follows:  (1)  Interior  shrinkage  or 
piping,  caused  by  the  outside  of  the  ingot  cooling  more  rapidly 
than  the  inside,  and  producing  cavities  and  a  porous  condition  of 
metal  along  the  central  axis  or  line  of  last  cooling.  These  defects 
assume  serious  proportions,  and  concentrate  within  conical  lines  in 
about  the  upper  third  of  the  ingot.  (2)  Blow-holes  or  cavities, 
•due  to  the  evolution  of  gas  during  cooling  and  solidification, 
^hich  under  certain  conditions  of  melting  and  composition  occur 
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throughout  the  mass^  but  especially  near  the  surface  and  toward 
the  upper  part  of  the  ingot.  (3)  External  or  surface  cracks,  caused 
by  rapid  shrinkage  of  outside  or  skin  of  ingot,  and  at  times  dne  to- 
hydrostatic  pressure  of  the  internal  and  fluid  portion.  (4)  luter* 
nal  cracks,  due  to  internal  strains  set  up  by  too  rapid  cooliug,  and 
occurring  most  frequently  in  ingots  of  hard  steel.  (5)  Segregation^ 
which  is  Ihe  name  given  to  the  change  which  takes  place  in  the 
chemical  composition  of  a  mass  of  steel  in  cooling,  and  is  dae 
to  the  liquation  or  concentration  of  certain  ingredients — princi- 
pally carbon,  phosphorus,  sulphur,  and,  to  a  less  degree,  silicon 
and  manganese — toward  the  central  and  upper  portion  of  the 
ingot,  where  cooling  and  solidification  of  the  metal  last  takes 
place.  A  number  of  expedients  are  resorted  to  in  order  to  prevent 
the  occurrence  of  these  defects,  with  greater  or  less  success.  The 
best  is,  undoubtedly,  subjecting  the  fluid  steel,  immediately  after 
casting  and  during  solidification,  to  a  heavy  hydraulic  pressure, 
usually  known  as  fluid  compression,  and  the  substitution  of  the 
hydraulic  press  for  the  hammer  as  a  forging-machine,  by  which  the 
forging  hollow  on  a  mandril  of  long  lengths  suitable  for  gun-tubes, 
jackets,  and  all  descriptions  of  shafting,  is  rendered  practicable, 
the  forging  in  this  case  being  practically  free  from  all  defects. 

1044.  Conditions  of  Shaping  and  Forging. — When  a  mass  of 
steel  is  to  be  shaped  or  forged,  the  first  requisite  is  careful  and  uni- 
form heating.  The  next  requisite,  and  one  of  prime  importance, 
is  the  use  of  forging  machinery  of  proper  design  and  power.  The 
presence  of  internal  strains  and  defects  can  be  traced  to  the  shap- 
ing being  done  with  hammers  of  insufficient  power,  and  especially 
if  the  power  be  developed  by  a  high  velocity  of  impact  rather  than 
by  weight  of  falling  mass.  The  pressure  applied  in  shaping  a  body 
of  steel  should  be  sufficient  in  amount  and  of  such  character  as  to 
penetrate  to  the  centre  and  cause  flowing  throughout  the  mass. 
This  flowing  of  the  metal  requires  a  certain  amount  of  time,  and 
therefore  the  requisite  pressure  should  be  maintained  during  a  cor- 
responding period.  The  quick  blow  of  a  hammer  of  insuflicient 
power  is  absorbed  near  the  surface  of  the  mass  struck,  and  there 
causes  a  local  movement  of  extension.  Bepeated  blows  of  this 
kind,  stretching  the  exterior  more  rapidly  than  the  interior,  bring 
a  tearing  strain  on  the  core  or  central  portion,  producing  at  times 
actual  cavities,  which  are  defects  of  the  most  dangerous  kind* 
This  action  is  shown  by  the  ends  of  the  forging  showing  a  concave 
or  cupped  form.    The  conditions  of  forging  attained  by  the  use  of 
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iihe  hydraulic  press  are  the  reverse  of  those  above  mentioned.  The 
pressure  is  definite  and  constant,  and  acts  slowly  but  uniformly 
throughout  the  distance  traversed  by  each  stroke;  consequently 
there  is  ample  time  for  the  pressure  to  distribute  itself,  and,  if  suf- 
ficient in  amount,  it  causes  flowing  throughout  entire  section,  the 
tendency  being  to  squeeze  out  and  extend  the  central  portion  even 
more  rapidly  than  the  exterior.  A  similar  effect  may  be  produced 
by  a  very  heavy  hammer  falling  by  the  force  of  gravity  only, 
thereby  reducing  the  velocity  of  impact  to  a  minimum.  This 
effect  is  shown  by  the  ends  of  the  forging  assuming  a  convex 
shape  instead  of  a  concave  shape. 

With  the  hydraulic  press  long  lengths  can  be  forged  hollow 
over  a  mandril;  and  this  class  of  forgings  is  especially  adaptable  to 
marine  shafting  and  the  parts  of  built-up  guns.  A  hole  of  suitable 
size  is  bored  throughout  the  central  axis  of  the  unforged  ingot, 
thereby  removing  portions  rendered  defective  by  piping  and  segre- 
gation, and  disclosing  any  defects  that  may  still  exist;  also,  the 
bored  ingot  is  more  easily  heated  uniformly,  and  practically  re- 
moves the  danger  of  internal  cracking  during  the  heating  process. 
The  forging  can  be  turned  out  at  a  low  and  uniform  heat,  thus  fix- 
ing a  uniformly  fine  or  amorphous  grain.  A  solid  forging,  on  the 
other  hand,  of  the  same  outside  diameter  would  be  much  hotter 
toward  the  central  axis  than  on  the  outside,  and  a  gradual  loss  of 
this  high  internal  heat  will  tend  to  coarsen  the  grain  by  crystal- 
lization and  set  up  internal  strains;  and,  moreover,  internal  defects 
are  hidden. 

1046.  Treatment  after  Forging, — There  are  two  processes 
•employed  in  the  treatment  of  steel  forgings  after  they  leave  the 
press  or  hammer,  viz.,  annealing  and  tempering  or  hardening,  or  a 
combination  of  the  two. 

The  primary  object  of  annealing  is  to  relieve  internal  strains 
set  up  by  forging,  and  by  rapid  and  irregular  cooling  during  and 
after  forging.  Annealing  also  alters  the  molecular  conditions  of 
the  steel,  and  when  properly  applied  has  a  tendency  to  break  up 
crystallization  and  fix  a  finer  or  more  nearly  amorphous  grain, 
whereby  the  toughness  of  the  material  is  increased.  The  general 
effect  of  annealing  is  to  lower  the  tensile  strength  and  elastic  limit, 
and  increase  the  elongation  and  contraction  of  area. 

Hardening  or  tempering  of  steel  forgings  consists  in  cooling 
them  rapidly,  usually  by  immersion  in  oil,  from  a  red  heat  varying 
in  degree  according  to  conditions.     The  object  of  this  treatment 
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is^  first,  to  break  up  the  irregular  and  more  or  less  laminated  and 
coarse  crystalline  structure  produced  by  forging,  and  to  fix  a  fine 
or  amorphous  cotidition  of  grain ;  and,  second,  to  modify  the  physi> 
cal  properties  of  the  metal  with  a  view  of  obtaining  the  most 
desirable  combination  practicable. 

The  sudden  cooling  in  oil  or  otherwise  naturally  produces 
strains  which,  unless  properly  guarded  against  and  relieved,  ai-e 
hurtful,  and  under  certain  conditions  may  be  so  great  as  to  causae 
actual  rupture.  To  avoid  this  latter  danger  precautions  both  as  to 
shape  and  composition  are  necessary,  and  when  possible  the  removal 
of  metal  along  axial  lines  should  be  done  before  tempering,  hence 
forging  hollow  furnishes  a  product  well  adapted  to*  tempering. 
Annealing  is  resorted  to  after  tempering;  first,  to  relieve  strains^ 
and,  secondly,  to  soften  the  metal  to  a  degree  required  to  obtain 
the  physical  properties  desired.  The  effect  of  this  double  treat- 
ment, tempering  and  annealing,  is  in  general  to  increase  the  elastic 
limit  relatively  to  the  tensile  strength,  and  when  the  hardness  is 
*'  drawn'^  by  annealing  to  increase  materially  the  elongation  and 
especially  the  contraction  of  area. 

Treatment  by  tempering  has  been  applied  in  the  manufacture 
of  steel  gun-forgings  and  armor-plates  for  a  number  of  years  with 
highly  satisfactory  results.  Comparatively  little  has  been  done 
toward  the  treatment  by  tempering  of  marine  shafting  and  engine- 
forgings,  notwithstanding  the  growing  importance  of  decreasiDg 
and  increasing  the  strength  of  such  forgings. 

1046.  Introduction  of  Unusual  Ingredients. — The  introduction 
into  steel  of  ingi'edients  other  than  those  usually  present,  for  the 
purpose  of  imparting  to  the  metal  desirable  physical  qualities,  is  a 
subject  upon  which  much  study  and  experiment  has  been  bestowed.. 

Results  of  practical  value  have  been  obtained  with  chromium,, 
tungsten,  manganese  (in  more  than  usual  quantities),  aluminum, 
and  nickel,  and  some  experiments  have  been  made  with  copper. 

Chromium  and  tungsten,  in  moderate  amounts,  are,  for  the 
most  part,  used  in  high-carbon  crucible-steels,  to  which  they 
impart  special  hardening  properties  found  useful  for  cutting-tools. 
They  are  useful  also  in  the  manufacture  of  armor-piercing  projec- 
tiles. Considerable  amounts  of  chrome  steel  are  now  produced  in 
open-hearth  furnaces. 

Manganese  when  introduced  in  considerable  quantities,  say  3  to 
15  per  cent,  imparts  to  steel  remarkable  toughness,  together  with 
such  great  hardness  as  to  render  machining  impracticable.  Its. 
useful  application  is  therefore  limited. 
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Aluminum  in  small  qnantities  acts  in  a  remarkable  manner  to 
increase  the  fluidity  of  steel  when  cast,  and  prevents  the  formation 
of  blow-holes  during  solidification,  and  has  consequently  found 
wide  use  in  the  production  of  solid  steel  castings. 

Nickel  has  been  found  to  impart  to  the  metal  highly  desirable 
qualities,  and  as  this  alloy,  containing  definite  proportions  of 
nickel,  can  be  successfully  produced  and  of  uniform  quality  by  the 
open-hearth  process,  it  is  specially  applicable  to  the  classes  of  large 
forgings  now  under  consideration.  It  has  a  high  degree  of  suitable- 
ness for  armor-plates,  and  has  been  adopted  for  the  armor  of  the 
navy. 

Nickel-steel  armor-plates  have  been  regularly  produced  in  large 
quantities.  A  steel  containing  about  3^  per  cent  of  nickel  has 
been  generally  vised  for  armor-plate.  It  increases  the  hardness, 
i.e.,  the  tensile  strength  and  elastic  limit,  without  causing  a  corre* 
spending  reduction  in  elongation  and  contraction;  and  the  elastic 
limit  is  also  increased  relatively  to  the  tensile  strength.  These 
properties  indicate  toughness.  The  presence  of  this  amount  of 
nickel  appears  also  to  hinder  crystallization  after  forging;  favors 
a  finely  granular  or  amorphous  condition;  renders  the  material 
more  susceptible  to  the  effects  of  tempering,  as  shown  by  the 
»  ballistic  tests  of  armor-plate;  increases  resistance  to  shock;  and, 
in  short,  improves  in  all  respects  the  physical  qualities  of  mild 
steel.  The  use  of  nickel-steel  should  not  be  confined  to  armor* 
plate. 

1047.  Gun-forginga, — The  high  working  strains  to  which 
modern  heavy  ordnance  is  subjected  has  called  for  the  highest 
attainable  qualities  in  the  material  of  which  the  parts  are  made. 
Steel  gnn-forgings  have,  up  to  the  present  time,  been  in  general 
made  of  simple  steel.  Chrome  has  been  used  to  a  limited  extent 
for  parts  of  small  dimensions  where  great  hardness  and  high  elastic 
limit  are  desirable.  But  the  use  of  nickel  offers  the  best  promise 
of  improvement  in  the  physical  qualities  of  gun-forgings.  From 
some  experiments  on  nickel-steel  forgings  in  transverse  specimens 
2^  inches  in  diameter  and  2  inches  long,  the  following  results  were 
obtained: 

Tensile  strength.       Elastic  Limit,      iri/>n«,aHAr.  Contraction 

pounds  pounds  *^ll/<S„t  '  of  Area, 

persq.  in.  persq.  in.  percem.  percent. 

Tube 93,200  58,300  21.3  42.0 

Jacket 99,900  60,000  20.4  45.9 

Hoops 109,100  6^200  20.5  46.9 
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These  results  show  an  increase  of  10  per  cent  in  tensile 
strength  and  22  to  28  per  cent  in  elastic  limit  over  these  for 
simple  steel,  while  the  elongation  and  contraction  are  but  slightly 
reduced.  Nickel-steel  has  been  contracted  for  by  the  ordnance 
department  of  the  army,  which  is  to  have  a  tensile  strength  of 
85,000  pounds  per  square  inch,  an  elastic  limit  of  53,000  pounds 
per  square  inch,  an  elongation  of  18  per  cent,  and  a  contraction  of 
area  of  35  per  cent. 

1048.  Armor 'plate.^  Simple  steel  plate  offers  a  much  greater 
resistance  to  penetration  than  wrought  iron,  or  even  than  compound 
plates,  when  struck  with  steel  armor-piercing  projectiles;  but  the 
great  trouble  in  all-steel  plate  lies  in  cracking.  This  can  be  cor- 
rected by  the  use  of  nickel,  as  described  above. 

The  product  obtained  by  surface  or  case  hardening  in  the  Harrey 
and  other  processes  has  checked  experiments  with  nickel-steel  for 
armor-plates. 

The  introduction  of  carbon  by  cementation  into  the  face  of  the 
plate,  with  subsequent  water-hardening,  as  proposed  by  Harvey,  and 
known  a^  the  ^*  Harvey  Process,^'  has  up  to  the  present  time  given 
the  best  results  in  this  direction.  A  plate  manufactured  by  this 
process  resisted  and  broke  up  a  shot  which  would  have  penetrated 
between  19  and  20  inches  of  wrought  iron. 

1049.  Marine  Shafting  and  Eiigine-forgings. — The  present 
physical  requirements  for  shafting,  including  cranks,  are:  Tensile 
strength  not  less  than  58,000  pounds  per  square  inch ;  an  average 
elongation  of  not  less  than  28  per  cent  in  longitudinal  specimens  \ 
inch  diameter  and  2  inches  long,  cut  from  full-sized  prolongation 
of  forgings. 

For  connecting  and  piston  rods  a  somewhat  harder  steel  is  re- 
quired: tensile  strength  not  less  than  65,000  pounds,  and  an  elonga- 
tion of  not  less  than  25  per  cent.  No  treatment  other  than  anneal- 
ing is  required,  and  no  stress  is  laid  on  the  elastic  limit.  In  other 
words,  a  distinctly  soft  steel  is  used,  in  which  the  elastic  limit  will 
not  exceed  from  27,000  to  30,000  pounds  per  square  inch.  Soft  steel 
presents  some  marked  advantages  as  the  standard  material  for  shafts 
and  engine-forgings.  In  the  ingot  form  and  during  forging  soft  steel 
can  bear  with  safety  rougher  treatment  than  harder  steels;  it  is 
less  sensitive  to  the  hurtful  effects  of  irregular  and  repeated  heat- 
ings, and  dangerous  internal  strains  and  defects  are  less  apt  to  be 
developed  thereby.  Further,  the  cost  of  machining,  and  consequent 
cost  of  finished  forgings,  is  reduced  to  a  minimum.    It  would  seem 
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that  greater  importance  should  be  attached  to  the  question  of  elas- 
tic limits  as  experience  indicates  that  many  soft-steel  forgings  of 
excellent  quality  in  other  respects  have  failed  on  account  of  a  low 
elastic  limit. 

The  importance  of  reducing  the  weight  of  shafts  is  very  gi'eat. 
This  cannot  be  done  in  solid  shafting  without  a  diminution  in  the 
diameter,  with  a  corresponding  decrease  in  stiffness.  It  then  can 
only  be  done  by  the  use  of  hollow  forgings.  This  practice  has 
been  followed  in  designing  the  shafting  of  nearly  all  of  the  ships 
of  the  new  navy.  There  is,  however,  the  danger  of  too  great  a 
reduction  in  sectional  area,  and  to  avoid  this  the  diameters  of  the 
axial  holes  have  not  been  made  sufficiently  great  to  allow  of  advan- 
tageous hollow  forging  on  a  mandril.  Solid  forging,  with  subs^ 
quent  boring,  has  therefore  been  necessary,  whereby  a  distinct  loss 
in  the  quality  of  the  metal  has  resulted. 

It  is,  therefore,  evident  that  to  reduce  the  relative  weights,  as 
well  as  to  increase  the  absolute  strength,  of  the  parts,  the  designer 
of  marine  engines  needs  a  stronger  material  than  that  now  em- 
ployed; i.e.,  a  material  having  a  greater  elastic  limit,  but  at  the 
4same  time  possessing  siich  a  degree  of  toughness  as  to  insure  resist- 
ance to  sudden  strain  or  shock.  Simple  steel  of  the  proper  natural 
hardness,  strengthened  and  toughened  by  tempering  and  annealing, 
will  show,  in  specimens  cut  from  the  centre  of  sections,  say,  3  to  6 
inches  thick,  an  elastic  limit  of  about  45,000  pounds  per  square  inch, 
an  elongation  of  about  23  per  cent  in  2  inches,  and  a  contraction 
of  area  of  from  50  to  55  per  cent. 

For  safe  and  effective  tempering  forgings  must  be  made  hollow 
wherever  possible,  and  sharp  re-entering  angles  and  sudden  changes 
from  thin  to  thick  sections  avoided ;  and  in  order  that  the  metal 
walls  shall  not  be  too  thin,  while  providing  bore-holes  sufficiently 
large,  both  outside  and  inside  diameters  should  be  increased.  A 
further  and  very  pronounced  improvement  in  strength  and  tough- 
ness can  be  obtained  by  the  use  of  nickel  steel,  tempered  and  an- 
nealed. The  use  of  nickel  allows  a  reduction  of  carbon,  makes  the 
steel  more  sensitive  to  temper,  and  facilitates  the  tempering  of 
irregular  shapes. 

Specimens  from  nickel-steel  forgings,  tempered  and  annealed, 
will  show  uniformly  an  elastic  limit  of  from  50,000  to  55,000 
pounds  per  square  inch,  an  elongation  of  23  per  cent  and  above  in 
specimens  2  inches  long  and  i  inch  diameter,  and  a  contraction  of 
^rea  of  from  55  to  60  per  cent. 
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In  cases  where^  owing  to  thickness  of  section  and  irregular 
shape^  tempering  is  not  advisable^  nickel-steel  will  still  show  a 
higher  combination  of  elasticity  and  toughness  than  any  other  ma- 
terial known,  under  the  same  conditions. 

The  diameters  of  the  "Brooklyn's"  propeller-shafts  w^ill  be  17 
inches  outside  and  11  inches  inside^  giving  wtdls  3  inches  thick.  Tlie 
line  shafts  of  the  "  Iowa"  will  be  15}  inches  outside  and  9}  iuchcs 
inside  diameter,  with  walls  3  inches  thick.  These  shafts  are  to  be 
oil-tempered;  and  to  have  a  tensile  strength  of  85,000  pounds,  an 
elastic  limit  not  less  than  50,000  pounds,  an  average  elongation  of 
23  per  cent  in  specimens,  and  no  specimen  to  fall  below  20  per  cent* 
From  calculations  based  upon  the  qualities  determined  by  experi- 
ments on  specimens,  it  is  found  that  by  the  use  of  the  hollow  shafu 
made  of  the  stronger  steel  there  is  a  gain  in  strength  of  3  to  1,  and 
a  reduction  of  weight  of  more  than  one  half  as  compared  with  solid 
soft-steel  shafts,  when  the  diameters  and  weights  are  so  propor- 
tioned that  the  strength  of  the  two  is  the  same  while  their  weights 
per  unit  are  different,  or  that  while  the  weight  per  unit  of  length  is 
the  same  their  coefficient  of  strength  is  different.  This  gain  of 
strength  and  reduction  of  weight  is  not  obtained  at  a  dangerous 
sacrifice  of  toughness,  for  the  stronger-tempered  steel  is  also  ex- 
tremely tough,  as  shown  by  cold  bending  and  by  the  extension  and 
contraction  of  area  of  tensile  specimens. 

ART.  LVL 

RIVERS  AND  HARBORS. 

1050.  The  improvement  of  existing  rivers  and  harbors  is,  and 
has  been,  one  of  the  most  important  questions  in  engineering.  The 
ablest  engineering  talent  has  been  brought  to  bear  upon  the  solu- 
tion of  the  problems  presented,  and  enormous  sums  of  money  have 
already  been  expended  and  will  continue  to  be  expended  in  sur- 
veys, experiments,  and  construction.  While  some  good  has  been 
accomplished,  yet  it  must  be  admitted  that  much  of  the  labor,  time, 
and  expenditure  of  money  have  been  ill  applied  and  misdirected. 
This  has  been  the  result,  no  doubt,  to  a  great  extent,  from  unavoid- 
able causes  inherent  in  the  nature  and  difficulties  of  the  problem. 
Even  if  it  could  be  said  that  the  principles  underlying  this  impor- 
tant branch  of  engineering  were  understood  and  formulated  Uke 
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the  simple  principles  of  hydraulics  as  applied  to  the  flow  of  water 
in  pipes  or  open  channels,  each  and  every  river  presents  so  many 
different  conditions,  and  these  ever  varying  in  each  river,  and  even 
in  each  short  section  of  the  same  river^  that  any  attempt  to  apply 
the  same  laws  and  formulaa  to  any  one  river  will  nsnally  result  in 
disastrons  failure.  Each  special  case  and  condition  has  to  be 
solved  separately  and  independently.  Much  of  the  failure  and  of 
the  actual  waste  of  money  are  due  to  a  failure  to  fully  and  thor- 
oughly study  out  and  understand  the  requirements  and  construc- 
tions proper  to  each  case. 

Every  proposed  improvement  of  a  river  or  harbor,  no  matter 
how  able,  experienced,  and  learned  an  engineer  is,  or  whatever  may 
be  his  admitted  reputation,  who  presents  a  plan  for  the  same,  is 
met  with  criticism  and  dire  prediction  of  failure. 

Every  report  on  any  river  or  harbor  improvement  will  give  ample 
evidence  of  the  force  of  the  above  statements.  The  following  is  a 
fair  sample  of  assertion  and  contradiction.  A  competent  engineer 
reported:  ''All  that  can  be  said  is  that  the  attempt  to  maintain  six 
feet  is  a  very  doubtful  experiment.  A  study  of  the  subject  in  the 
light  of  additional  information  shows  the  degree  of  improvement 
needed  is  impracticable,  and  that  the  attempt  to  make  any  improve- 
ment at  all  is  a  costly  and  doubtful  experiment.  ^^ 

The  paper  states  that  this  report  was  based  upon  data  *^  very 
meagre  and  misleading.'^  Among  other  things,  that  '^  the  river  is 
a  non-sediment-bearing  stream,  because  there  is  no  delta  at  ita 
mouth;  and  that  at  low  river  it  is  like  a  series  of  pools  separated 
by  sand-bars,  which  are  often  dry.  Nothing  could  be  further  than 
this  from  the  real  facts  of  the  case." 

Again :  **  The  floods  and  the  '  northers '  completely  sweep  away 
that  portion  of  the  bar  formed  during  low  water  in  the  river,  and 
drive  the  material  so  swept  off  into  the  deep  water  of  the  Oulf.^' 
The  reply  is:  "  This  is  really  the  reverse  of  what  does  occur.  The 
bar  in  its  natural  condition  is  formed  by  sediment  deposited  by  the 
river  during  floods  and  by  sand  drift  moving  westward  along  the 
coast  by  the  current  and  wave-action.'^ 

These  are  but  samples  of  the  statements  and  their  contradiction 
found  in  almost  all  such  papers. 

They  are  not  merely  honest  and  reasonable  differences  of  opinion 
as  to  methods  of  construction,  materials  used,  length  and  direction 
of  jetties,  width  between  lines  of  jetties,  or  whether  twin  jetties  or 
a  single  line  is  best.    But  they  are  differences  as  to  the  actual  con- 
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ditions  and  facts  existing  in  regard  to  the  most  important  qnestions 
involved. 

They  are  not  introduced  for  purposes  of  criticism,  but  to  impress 
the  great  importance  of  surveys,  maps,  observations,  and  eiperi- 
ments,  in  order  that  there  may  be  no  room  for  differences  of  opinion 
so  far  as  the  essential  characteristics  of  a  stream  are  concerned 
before  either  condemning  as  impracticable^  or  recommending  as 
practicable  and  feasible,  at  a  reasonable  expenditure  of  time  and 
money,  any  proposed  improvement. 

BIVERS. 

1061.  Natural  Features  of  Rivers, — Rivers  having  their  sources 
in  the  highlands  and  more  or  less  gradually  descending  into  some 
Idrger  river,  gulf,  or  sea,  have  their  general  direction  of  flow  and 
beds  modified  in  accordance  with  the  character  of  the  soil  and  lay 
of  country  through  which  they  flow.  But  in  general,  near  their 
sources,  their  beds  are  narrow,  irregular,  and  rocky;  the  fall  rapid, 
and  current  correspondingly  swift;  changes  of  direction  may  not 
be  so  frequent,  but  are  often  through  a  large  angle,  as  the  cause  of 
such  changes  arise  from  permanent  obstructions.  Approaching 
their  outlets  the  beds  become  wider  and  more  regular,  the  decliviiv 
less,  and  the  current  more  gentle  and  uniform.  Their.directionsof 
flow  became  more  tortuous,  forming  frequent  bends  called  elbows: 
these  may  or  may  not  be  permanent  in  form  or  position;  and  here 
also  are  formed  bars,  which  are  composed  of  the  materials  arising 
from  the  wear  of  the  banks  by  the  current,  and  deposited  in  the 
bed  when  the  current  is  no  longer  swift  enough  to  hold  them  in 
suspension  or  roll  them  along  the  bottom. 

The  relations  which  are  found  to  exist  between  the  cross-section 
of  a  river,  the  volume  of  water  passing,  the  longitudinal  slope,  and 
the  nature  of  its  bed  constitute  what  is  termed  the  regimmi  of  the 
river. 

1062.  Regime  or  Stability  of  a  Water  Channel, — A  water  chan- 
nel is  said  to  be  in  a  state  of  stability  when  the  materials  of  its  bed 
are  able  to  resist  the  tendency  of  the  current  to  sweep  these  forwanJ. 
The  following,  according  to  Du-Buat,  are  the  great.est  velocities  of 
the  current  close  to  the  bed  consistent  with  stability: 

Soft  clay 0.25  feet  per  second. 

Fine  sand 0.50     "      "       " 

Coarse  sand,  and  gravel  as  large  as  peas. 0.70    "     *'      *' 
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Gravel  as  large  as  French  beans 1.00  feet  per  second. 

«      1  inch  in  diameter  2.25    **     '*       « 

Pebbles  li  inches  in  diameter 3.33    «     "       " 

Heavyshingle 4.00    "     '•       " 

Soft  rock,  brick,  earthenware 4.50    "     "       " 

(  6  00    *'      "       " 

Rock,  various  kinds i    *      ,  , 

'  {     and  upwards. 

The  condition  of  the  channels  of  streams  having  a  rocky  bed 
is  one  of  stability.  When  the  bed  is  strong  or  gravelly,  the  con* 
dition  is  one  of  stability  in  ordinary  stages  of  the  river,  and  of  in- 
stability in  floods. 

When  the  bed  is  of  ordinary  earths  the  condition  is  one  of  being 
jnst  stable,  or  being  permanently  unstable. 

When  the  bed,  that  is,  banks  and  bottom,  are  unstable,  the 
river  channel  undergoes  a  continual  alteration  in  form  and  position. 
If  at  fii'st  straight,  the  banks  soon  become  curved;  one  becomes 
concave  by  the  removal  of  the  material,  and  the  earthy  matter  sus- 
pended in  the  water  is  carried  by  the  water  to  the  opposite  side 
and  deposited,  making  this  bank  convex.  A  curved  portion  of  the 
river  tends  to  be  more  and  more  curved,  the  velocity  of  current 
being  greater  on  the  concave  side  than  on  the  convex.  This  con- 
tinues until  some  material  is  reached  on  bed  and  bank  at  the  con- 
cave side  that  the  current  cannot  wear  and  sweep  away,  or  until  the 
course  of  the  stream  is  lengthened  and  the  declivity  so  far  reduced 
that  the  corresponding  velocity  can  no  longer  erode  the  banks,  and 
stability  is  established. 

The  formation  of  elbows  occasions  also  variations  in  the  depth 
and  velocity  of  the  flow.  The  greatest  depth  is  found  at  the  con- 
cave side,  and  the  depth  along  the  straight  portion  is  found  to  de- 
crease, while  the  velocity  increases.  The  bottom  of  the  bed  is  thua 
found  to  present  a  series  of  undulations,  with  shallows  and  deep 
pools,  and  with  corresponding  rapid  and  gentle  currents.  The  bara 
are  formed  at  those  points  and  places  where  the  velocity  receives  a 
sudden  check,  and  the  suspended  material  is  thus  deposited.  This 
continues  to  accumulate  until  the  velocity  is  so  far  increased  that 
the  suspended  matter  is  carried  over  and  beyond  the  bar. 

The  points  at  which  bars  are  most  likely  to  be  formed  are:  (1) 
at  the  straight  portions  between  two  elbows;  (2)  at  the  junction  of 
tributaries,  and  (3)  at  the  mouth  or  outlet  of  the  river  to  the  sea. 
As  a  rule,  the  bars  in  the  higher  portions  of  the  streams  will  be 
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composed,  relatively  speaking,  of  larger  and  heavier  particles  than 
found  in  the  lower  stretches  and  near  the  outlets.  Rivers  carry- 
rying  large  quantities  of  fine  material  or  sediment  deposit  these  at 
and  near  their  outlets,  forming  in  time  extensive  shallows  which 
often  so  far  obstruct  the  flow  of  the  stream  during  floods  that  a 
portion  of  the  water  cuts  for  itself  other  channels  through  the 
more  yielding  material,  forming  thereby  a  series  of  outlets.  Such 
;i  condition  is  commonly  termed  a  Delta. 

1053.  Eiver  Improvements, — The  two  main  purposes  for  which 
works  of  river  improvement  are  undertaken  are:  (1)  to  make  and 
maintain  the  river  channel  so  that  it  may  fully  subserve  the  re- 
quirements of  navigation  and  the  demands  of  commerce;  and  (2)  to 
protect  the  bordering  land  from  gradually  wasting  away  and  from 
the  destructive  effects  of  inundations. 

These  two  requirements  may  coexist  over  a  part  or  over  the 
whole  course  of  a  river,  or  one  may  be  required  at  one  portion  of 
the  river  and  the  other  at  some  distinct  and  separate  portion. 
Where  they  coexist,  especially,  the  works  of  improvement  necessary 
to  subserve  one  purpose  may  be  injurious  or  disastrous  as  regards 
the  other. 

While  many  works  of  improvement  may  be  beneficial  in  both 
directions,  it  will  be  simpler  to  treat  the  two  general  divisions  of 
the  subject  separately. 

1064.  River  Channels.— The  defects  in  a  river  channel  are,  in 
the  main,  as  follows:  (1)  The  channel  may  be  too  shallow  either  in 
one  or  many  places;  (2)  it  maybe  too  narrow  either  generally  or 
in  certain  places;  (3)  it  may  be  too  wide  in  some  places,  the  effect 
of  which  is  to  enfeeble  the  current,  resulting  in  the  formation  of 
shoals  or  bars;  (4)  its  declivity  may  be  too  flat,  caused  by  the  exist- 
ence of  obstructions,  such  as  shoals,  islands,  weirs,  piers  of  bridges, 
etc.,  which  enfeeble  the  current  above,  and  cause  it  to  be  too  rapid 
under,  around,  and  below;  (5)  it  may  contain  one  or  many  sharp 
turns  or  bends,  which  are  injurious  to  the  banks  and  bottom, 
and  render  the  navigation  both  difficult  and  dangerous. 

If  these  defects  existed  permanently  in  character  and  position; 
one  great  difficulty  to  improvement  would  b€  removed ;  but  constant 
changes  are  being  made.  These  may  be  gradual  and  extending 
through  a  period  of  many  years,  or  they  may  be  sudden  and  caused 
by  a  great  flood  in  the  river.  It  is  a  recognized  fact  that  the  cut- 
ting down  of  the  forests  has  changed  the  condition  of  many  of  our 
rivers,  from  that  having  a  good  depth,  comparatively  a  uniform 
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and  easy  current  at  all  times,  to  that  of  rivers  having  periods  of 
extremely  low  water,  almost  entirely  preventing  navigation,  and 
periods  of  high  and  disastrous  floods,  with  relatively  only  a  short 
period  of  what  is  considered  a  condition  favorable  to  navigation. 

Again,  the  removal  of  a  bar  or  shoal  at  one  point  results  in  the 
formation  of  another  lower  down;  the  protection  of  one  bank  which 
has  been  yielding  to  the  influence  of  a  current  only  results  in  its 
destructive  action  on  the  opposite  bank. 

One  or  a  series  of  freshets  may  change  entirely  the  character 
and  dimensions  of  the  bed,  and  give  an  entirely  new  direction  to  the 
channel. 

1066.  Protection  of  Banks. — Whatever  may  be  the  nature  and 
extent  of  other  improvements  desired,  the  full  protection  of  the 
banks  from  the  wearing  and  erosive  action  of  the  current  is  of  the 
first  importance,  if  not  essential,  to  the  success  of  other  improve- 
ments. 

If  such  protection  were  required  at  only  a  few  points,  there  would 
be  but  little  difficulty  and  cost;  but  when  the  great  distance  along 
many  of  our  rivers  is  considered,  the  work  becomes  one  of  gigantic 
cost  and  proportions,  and  of  necessity  becomes  essentially  a  work 
only  to  be  undertaken  by  governments,  and  even  then  it  is  neces- 
sarily limited  and  confined  to  certain  localities. 

Many  means  of  protecting  river-banks  have  been  suggested  and 
tried  with  more  or  less  success  and  over  greater  or  less  lengths. 

Water-plants. — Probably  the  most  efficient  and  economical  pro- 
tection is  afforded  by  the  growth  of  certain  water-plants  on  the 
banks.  The  common  water-willow  is  excellent  for  this  purpose. 
All  that  is  necessary  to  start  a  willow  plantation  is  to  stick  a  num- 
ber of  short  pieces  of  willow  into  the  bank;  these  will  grow  and 
spread  rapidly,  especially  above  average  water-level.  Such  a  growth 
not  only  protects  the  bank  by  enfeebling  the  current,  but  results  in 
a  rapid  deposition  of  sediment  and  the  making  of  new  ground. 
They  are  especially  advantageous  in  preventing  the  destructive 
action  of  waves  caused  by  winds  or  passing  steamboats. 

For  some  reason  this  simple  and  cheap  protection  is  used  to 
only  a  very  limited  extent,  but  has  been  effective  where  tried. 

River-banks  do  not  always  yield  from  the  simple  wearing  action 
of  currents,  but  often  to  a  great  and  injurious  extent  on  account  of 
the  variation  in  the  nature  of  the  strata  forming  the  banks  of 
streams.  It  is  not  infrequent  to  find  a  firm  and  stable  material 
underlaid  with  strata  of  gravel  or  8an<},    When  the  water  rises 
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above  these  strata  a  greater  or  less  quantity  of  water  is  carried  into 
the  layers  of  sand  or  gravel,  which  on  the  fall  of  the  river  pours  out 
with  considerable  velocity,  bringing  with  it  considerable  of  the  ma- 
terial near  the  slope  of  the  bank,  and  resulting  in  the  caving  and 
sliding  of  large  masses  of  the  overlying  material.  Such  strata,, 
when  above  the  lower  line  of  willow  growth,  will  be  protected  by 
it,  provided  a  good  thick  growth  can  be  obtained  before  the  caving. 
This  may  require  some  temporary  protection;  but  often  these  strata 
are  found  below  the  willow  growth.  In  this  case  the  willow  planta- 
tion will  not  be  of  much  use. 

Timber  Revetments. — Several  methods  of  protecting  banks  with 
timber  have  been  used,  and  are  effective  while  they  last,  which  will 
not  be  more  than  six  to  eight  years. 

Frequently  a  single  or  double  row  of  piles,  sheeted  with  plank 
along  the  outer  row,  and  filled  in  with  gravel,  broken  stone,  or  other 
material,  when  placed  at  the  foot  or  toe  of  a  bank  will  afford  sup- 
port to  the  bank  above,  and  prevent  sliding  and  caving,  though 
offering  no  protection  against  ordinary  wear  above  their  tops.  The 
front  row  is  fully  tied  back  by  long  timbers  inserted  well  into  the 
bank,  or  to  the  inner  row  of  piles;  both  rows  tied  to  the  bank  if 
necessary.  Or  a  timber  crib  may  be  built  and  sunk  along  the  foot 
of  the  slope,  and  filled  in  with  some  heavy  material,  and  anchored 
back,  which  answers  the  same  purpose,  though  not  presenting  the 
same  degree  of  permanence  and  stability  as  the  use  of  piles. 

When  necessary  to  prevent  erosion  above  the  foot-wall,  it  be- 
comes necessary  to  cover  the  slope  of  the  bank  with  logs  or  fascines 
anchored  back  into  the  bank;  or,  leaving  out  the  foot- wail,  logs  or 
fascines  can  be  laid  with  their  lengths  up  and  down  the  slope,  their 
lower  ends  reaching  well  out  into  the  water  and  weighted  dowu, 
their  upper  ends  anchored  to  the  bank;  above  these  layers  of  logs 
or  ftiscines  are  placed  horizontally  and  anchored;  or,  again,  the 
surface  of  the  bank  may  be  covered  with  a  network  of  inter- 
laced willow  branches,  called  a  mattress,  and  anchored  well  to  the 
bank.  All  of  these  expedients  can  be  regarded  only  as  of  a  tem- 
porary nature,  and  are  used  at  the  present  time  to  but  a  very  lim- 
ited extent. 

Wing-dams,  or,  as  they  are  sometimes  called.  Jetties  or  GrmM, 
— These  consist  of  timber  or  stone  walls  projecting  at  right  angles 
to  the  bank  to  be  protected.  Each  groin  protects  a  portion  of  the 
bank  equal  to  five  times  its  own  length.  While  such  works  have 
j)roved  effective  in  many  instances,  they  may  often  prove  injurious 
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to  the  bottom  and  banks  of  streams,  due  to  scour,  and  cutting  the 
banks  at  their  ends.  Works  of  this  kind  have  in  the  main  met  with 
little  favor,  and  they  are  but  little  used.  Sometimes  dikes  or 
jetties  are  constructed  nearly  parallel  to  the  current,  and  have  pro- 
duced satisfactory  results  in  improving  the  channel  and  protecting 
the  banks. 

Riprap  or  Dry-sto^ie  Paving. — The  most  satisfactory  and  per- 
manent protection  of  river-banks  is  secured  by  facing  the  bank  with 
roughly  squared  or  rubble-stone.  The  bank  should  be  graded  to 
a  uniform  and  rather  gentle  slope,  and  at  the  foot  of  the  slope  a 
foot- wall  of  some  kind  should  be  constructed ;  or,  as  a  substitute,  & 
trench  can  be  excavated  and  filled  with  broken  stone,  this  trench 
extending  below  the  scour-line.  This  affords  a  support  to  the 
paving  on  the  slope.  The  paving-stone  should  be  laid  with  care, 
firmly  bedding  the  stone  and  bringing  the  surface  to  a  uniform 
slope.  This  forms  an  effective  and,  if  properly  constructed,  a  per- 
manent paving.  It  may  or  may  not  be  expensive,  according  to  the 
abundance  and  cheapness  of  stone  suitable  for  the  purpose.  Its  use 
iB,  however,  in  this  country  limited  mainly  to  paving  important 
landings  or  the  river  fronts  of  towns  and  cities. 

1056.  Semoval  of  Bars. — Bars  and  shoals  can  be  removed  by 
excaVafion  or  dredging.  The  common  method  is  by  machine* 
dredging.  The  dredging-machine  consists  essentially  of  a  large, 
strong  barge,  upon  which  is  mounted  the  necessary  machinery  and 
gearing  (which  may  be  worked  by  steam  or  horse-power).  This  is 
connected  with  a  bucket,  attached  to  a  long  beam  sliding  between 
strong  guides,  by  chains  geared  in  such  manne?  that  the  bucket 
can  be  lowered  to  the  bed  of  the  stream,  forced  forward  into  the 
material,  and  lifted  when  full;  then  the  framework  is  turned 
around  on  a  pivot,  and  by  pulling  a  chain  the  hinged  bottom  of  the 
bucket  is  unlatched,  and  its  content  emptied  into  a  barge  along- 
side, which  when  full  is  towed  to  some  suitable  place,  commonly 
deep  pools,  and  discharged. 

This  is  a  rapid  method  of  removing  material,  and  when  suf-' 
ficient  quantities  are  to  be  removed  to  justify  the  purchase  of 
the  best  dredging-machines,  the  cost  per  unit  is  small,  being 
only  a  few  cents  per  yard,  contract  prices  being  often  as  low 
as  8  or  10  cents  per  cubic  yard.  It  may  only  be  necessary  to  dredge 
a  channel  of  sufficient  width  for  the  steamboats  or  vessels  to  pass 
through. 

This  process  will,  when  the  material  of  the  bed  is  stable,  pro* 
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duoe  a  permanent  channel;  but  often  it  will  only  be  temporary^ 
the  same  causes  operating  to  refill  it  that  formed  the  original  bar 
or  shoal,  and  periodical  dredging  will  be  required  to  keep  the  chan- 
nel open.  If  the  dredged  material  is  not  properly  disposed  of,  it 
will  aid  in  forming  another  bar  at  some  other  place. 

When  dredging  is  not  deemed  wise  or  economical,  owing  to  the 
character  of  the  material  or  other  causes,  a  series  of  coffer-dams 
tuay  be  constructed,  then  pumped  out,  and  the  material  excavated 
by  blasting,  if  necessary,  as  in  any  kind  of  coffer-dam  work.  This 
method  is  especially  applicable  to  shallows  with  rock  beds,  and  has 
been  used  in  some  European  rivers.  In  this  country  such  works  on 
a  large  scale  are  carried  out  by  submarine  drilling  and  blasting. 
The  improved  machine-drills  worked  from  barges  are  capable  of 
Tery  rapid  work.  A  single  drill  will  average,  even  in  hard  rock,  as 
much  as  5  feet  in  an  hour.  Dynamite  cartridges  in  water-proof 
cases  are  readily  lowered  into  the  holes  and  exploded.  The  ma- 
terial thus  loosened  will  have  to  be  removed,  as  a  rule,  by  some  ex- 
pensive means.  In  certain  cases  the  bed-rock  to  be  removed  is 
tunnelled  at  some  depth  below  the  bed,  a  network  of  galleries 
being  thus  formed ;  these  are  charged  with  dynamite  cartridges  in 
the  proper  number  and  positions,  the  explosion  of  which  brings 
down  the  roof  above. 

All  of  these  methods  are  expensive,  but  are  effective  in  remov- 
ing obstructions  and  securing  channels  of  proper  width  and  depth. 

1057.  Regulating  Dikea  or  Jetties. — Any  means  of  sufficiently 
increasing  the  velocity  of  the  current  over  the  bars  or  shoals  will 
remove  silt,  sand,  gravel,  or  other  similar  material,  but  will  have 
little  effect  on  stiff  clay,  and  practically  none  on  a  bed  of  large 
bowlders  or  solid  rock.  The  more  common  mode  of  increasing  the 
Telocity  is  by  the  construction  of  dikes  or  jetties.  One  line  may 
prove  efficient  in  many  cases,  but  commonly  two  parallel  or  slightly 
converging  lines  are  constructed.  The  direction  of  these  lines 
shoHld  conform  as  nearly  as  practicable  with  that  of  the  existing 
current. 

These  dikes  may  be  constructed  of  broken  stone,  both  of  large 
and  small  dimensions.  The  facing  stones  should  be  large  enough 
to  resist  displacement  by  the  force  of  the  strongest  current  to 
^vhich  they  may  be  exposed;  the  slope  of  the  face  may  be  about 
1  to  1,  or  the  natural  slope  assumed  by  a  dry-stone  wall.  The  inter- 
stices will  probably  fill  up  with  sediment.  Or  the  dikes  may  be 
constructed  by  driving  double  rows  of  piles,  the  width  between  the 
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T0W8  abont  one  and  a  half  times  the  depth  of  the  water.  Wale- 
pieces  may  be  fastened  to  the  piles  in  each  row,  and  sheeting-plank 
•driven  against  them  and  into  the  bed  of  the  river;  or  the  piles  in 
^ach  case  may  be  connected  by  a  network  or  wattling  of  small 
willow  branches  or  twigs.  The  two  rows  in  each  dike  should  be 
•tied  together  transversely,  the  space  between  them  filled  with 
broken  stone  or  gravel.  The  tops  of  these  jetties  should  not 
be  much  above  average  low- water  surface,  so  that  in  floods  the 
:surpln8  water  may  flow  freely  over  them.  The  purpose  in  view 
is  to  increase  the  velocity  of  the  stream  by  forcing  the  entire 
ordinary  flow  of  the  stream  through  a  contracted  channel.  Mr. 
Bankine  states  that  this  method  of  scouring  out  bars  ^'should 
be  adopted  with  great  caution,  and  only  where  the  excessive  width 
^f  channel  is  an  undoubted  cause  of  shallowness. '^  Broken -stone 
jetties  have  the  advantage  of  simply  sinking  if  any  underscour 
occurs,  and  can  be  raised  to  their  normal  height  by  piling  stone 
•on  top. 

If  the  river  separates  into  several  channels  at  the  bar  or  shoal, 
'dams  should  be  built  across  all  of  them  except  the  main  channel, 
thereby  forcing  the  entire  flow  through  this  channel,  and  accom- 
plishing the  same  result  as  the  jetties. 

In  some  cases  attempts  have  been  made  to  shorten  and  straighten 
the  channel  of  a  river  by  cutting  across  the  convex  spurs  or  tongue 
of  land,  thereby  turning  the  water  into  a  new  channel.  Care 
.should  be  taken  not  to  make  the  course  too  direct,  as  the  current 
may  be  made  so  rapid  that  the  bed  will  not  be  stable.  The  form  of 
cross-section  usually  adopted  is  the  trapezoidal,  with  uniform  bot- 
tom and  sloping  sides.  The  probabilities  are  that  such  an  artificial 
•channel  will  fail  to  serve  the  purpose  intended,  and  sooner  or 
later  the  stream  will  form  a  new  bed  similar  to  its  original  one, 
unless  the  bottom  and  banks  are  well  protected. 

The  construction  of  weirs  or  overflow  dams  may  be  resorted  to 
either  to  furnish  storage  for  water-supply  or  water-power  purposes, 
tind  in  neither  of  these  cases  can  this  subject  be  discussed  under 
River  Improvements.  They  may,  however,  be  constructed  purely 
to  promote  the  navigation  of  streams  which  do  not  otherwise  admit 
of  it.  In  such  cases  locks  are  usually  necessary.  This  view  of  the 
subject  will  be  discussed  under  the  head  of  Canals. 

The  foregoing  discussion  of  river  improvements  has  special  ref- 
erence to  the  upper  portions  of  rivers,  where  the  regular  flow  of  the 
xiver  and  its  effects  upon  its  bed  are  the  only  questions  considered. 
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The  improvement  of  rivers  near  their  mouths  or  outlets^  especially 
where  the  conditions  are  modified  by  the  existence  of  tides  and 
storms,  will  now  be  briefly  considered. 

IMPROVEMENTS  AT  THB   OUTLETS  OF   RIVERS. 

1058.  Any  attempt  to  apply  a  hard-and-fast  rule  to  the  improve- 
ment of  the  mouths  of  rivers  without  a  careful  and  thorough  studj 
of  all  the  conditions  existing  will,  unless  by  a  lucky  accident,  in- 
variably result  in  failure,  and  in  the  waste  of  immense  sums  of 
money,  as  the  statistics  of  the  cost  of  such  works  fully  show. 

The  almost  universally  adopted  method  for  improving  the  out- 
lets  of  rivers  into  bays,  gulfs,  or  seas  is  the  construction  of  jetti 
of  spme  kind,  unless  the  obstruction  is  solid  rock,  in  which 
the  channel  must  be  blasted  out  as  already  indicated;  or  in  the  case 
of  stiff  compact  silt  and  clay  beds  that  will  not  scour,  a  channel 
must  be  dredged  out  and  maintained  by  periodical  dredging,  or 
kept  clear  by  the  use  of  jetties.  As  has  been  stated,  each  case  must 
stand  by  itself.  If  the  water  empties  into  the  sea  through  several 
channels,  all  of  the  openings  except  the  main  one  may  be  closed  by 
weirs,  which  will  force  all  or  nearly  all  of  the  flow  through  one 
channel,  and  in  the  case  of  tidal  streams  making  provision  for  the 
flow  of  the  flood-tide  through  gates  and  sluices,  which  can  be  closed 
on  the  ebb-tide,  thereby  impounding  the  tidal  water  and  forcing  it 
to  flow  out  of  the  main  channel ;  or  the  top  of  the  dam  may  be  at  a 
low  enough  level  to  allow  the  water  at  high  tide  to  flow  over,  which 
impounds  a  portion  of  the  tidal  waters.  Where  the  surrounding 
ground  surface  is  low  and  flat,  and  the  material  composing  it  is  of 
a  silty  and  alluvial  kind,  it  will  generally  be  found  necessary  to  com- 
bine with  these  means  two  lines  of  jetties,  frequently  of  great 
length,  and  extending  well  into  the  estuary  or  gulf,  thereby  form- 
ing a  well-defined  and  somewhat  narrow  channel  for  the  flow  of 
the  water.  A  full  discussion  of  the  combined  effect  of  the  natural 
current  of  the  stream,  the  currents  due  to  the  rise  and  fall  of  the 
tide,  the  construction  of  tidal  weirs  over  adjacent  channels,  the 
construction  of  jetties  and  their  effect  <^n  the  travelling  of  the  ma- 
terials of  the  beach  along  the  shore,  under  the  influence  of  oblique 
waves  and  of  the  flowing  tide,  etc.,  would  fill  a  volume  of  itself; 
and  where  conditions  vary,  requiring  a  different  treatment,  a  brief 
general  discussion  of  the  subject  would  be  of  little  value,  and 
afford  but  little  instruction.    It  therefore  seems  that  a  somewhat 
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extended  description  of  the  existing  conditions  and  the  constmction 
of  the  works  based  upon  these  conditions,  in  one  or  two  cases,  will 
afford  more  valuable  information,  and  at  the  same  time  direct  the 
mind  more  clearly  and  fully  to  the  kind  of  information  required 
and  the  designs  best  suited  to  accomplish  the  purpose  in  view. 

1069.  The  Brazos  River  Harbor  Improvement. — The  improve- 
ments at  the  mouth  of  Brazos  River,  in  the  State  of  Texas,  have 
been  selected  as  an  illustration  on  account  of  the  ultimate  success 
of  the  undertaking,  a  fitll  report  of  which  is  embodied  in  a  paper 
read  before  the  American  Society  of  Civil  Engineers  by  Mr.  6.  Y. 
Wisner,  and  especially  on  account  of  the  full  discussion  of  the  paper 
by  a  number  of  eminent  engineers. 

About  the  first  definite  plan  proposed  was  the  construction  of 
two  jetties  of  closely  driven  piles,  starting  from  the  headlands  at 
the  mouth  of  the  river,  and  converging  so  as  to  give  an  opening  of 
400  feet  between  the  outer  ends  of  the  jetties  on  the  crest  of  the 
bar^  at  an  estimated  cost  of  $286,484.  In  order  to  leave  the  en- 
tire river  channel  open  to  the  free  passage  of  vessels  up  and  down, 
this  plan  also  contemplated  the  construction  of  a  system  of  docks, 
communicating  with  the  river  by  suitable  locks,  in  order  to  provide 
ample  harbor  room. 

This  plan  was  never  carried  out.  The  objections,  however, 
raised  to  it  were:  (1)  that  the  teredo  would  have  destroyed  the  piles 
in  one  season;  (2)  that  the  volume  of  discharge  is  such  that  the 
velocity  of  th$  current  through  a  channel  only  400  feet  wide  would 
be  over  7  feet  per  second  at  times  of  fioods  in  the  river;  (3)  that 
the  action  of  the  sea  and  river  currents  would  haVe  swept  the  struc- 
ture from  i^s  unstable  foundation  in  one  night. 

The  nejct  plan  contemplated  the  construction  of  parallel  jetties 
of  brush  and  stone,  and  an  increase  of  width  between  the  jetties  to 
700  feet,  at  an  estimated  cost  of  1522,890.44.  A  contract  was 
awpided  on  this  plan,  with  the  following  unit  prices:  Brush  in 
place  for  the  jetties  $6.75,  stone  ballast  $8,  and  small  concrete 
blocks  $7,  per  cubic  yard.  Under  this  contract  the  east  bank  of 
the  river,  inside  the  shore-line,  was  revetted  with  brush  mattresses 
and  ballasted  with  sand,  and  the  east  jetty  commenced.  Under  a 
new  contract  the  east  jetty  was  continued.  Cost,  brush-mattress 
work  in  place,  $4.35,  and  gravel  and  concrete  ballast  $7,  per  cubic 
yard.  Later  the  east  jetty  was  extended  and  the  west  jetty  com- 
menced. This  consisted  of  brush  mattresses  ballasted  with  plastic 
'<;oncrete  of  natural  cement  in  bags. 
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These  works  were  destroyed  in  a  short  time,  before  producing 
any  effect  upon  the  bar. 

It  is  stated  that  these  works  were  constructed  under  a  misap* 
prehension  as  to  the  actual  conditions  existing,  especially  as  to  the 
quantity  of  sediment  carried  by  the  stream,  there  being  no  delta  at 
its  mouth,  and  that  at  low  stages  the  bed  of  the  river  consisted  of 
pools  and  intermediate  sandbars. 

The  following  facts  are  stated,  as  a  result  of  a  careful  and  thor- 
ough survey,  as  to  the  general  characteristics  of  the  river: 

The  lower  50  miles  of  the  river  is  a  tidal  stream  which,  at  low 
stages  of  the  water,  has  a  channel  from  15  to  20  feet  deep  for  a  dis- 
tance of  over  30  miles  from  its  mouth.  The  total  length  of  the  river 
is  about  1000  miles,  and  with  its  tributaries  the  drainage  area  is 
36,000  square  miles.  The  annual  rainfall  along  the  coast  is  from 
50  to  60  inches,  in  the  interior  from  30  to  40  inches,  with  a  general 
average  over  the  drainage  area  of  about  42  inches  per  annum. 
Assuming  that  one  seventh  of  the  rainfall  on  the  drainage  area  finds 
its  way  into  the  Gulf  through  the  river,  the  annual  discharge  will  be 
about  501,811,200,000  cubic  feet,  or  an  average  of  15,900  cubic  feet 
per  second.  If  this  were  a  constant  flow,  the  problem  of  improve- 
ment would  be  a  very  simple  one;  but  during  the  low-water  flow — 
a  period  of  from  one  to  three  months  each  year — the  discharge  i» 
only  from  1000  to  3000  cubic  feet  per  second,  while  at  the  flood 
stage  the  discharge  often  exceeds  60,000  cubic  feet  per  second.  The? 
amount  of  sediment  carried  in  suspension  by  the  river  varies  from 
nothing  at  low  water  to  four  ounces  per  cubic  foot  of  discharge 
during  freshets.  The  sediment  is  mostly  alluvium,  with  a  very 
small  amount  of  sand. 

The  banks  of  the  river  are  comparatively  stable,  except  on  the 
lower  twenty-six  miles  of  its  course,  and  nearly  all  the  sand  carried 
to  the  Gulf  by  the  freshets  comes  from  caving  of  banks  on  this  lower 
reach.  These  banks  are  composed  of  clay  to  a  depth  of  10  to  20 
feet,  resting  on  a  strata  of  fine  sand, 

This  sand  is  washed  out  when  the  river  falls  after  a  flood,  and 
in  the  next  rise  is  swept  on  towards  the  Gulf.  This  could  be  pre- 
vented by  some  of  the  bank  protections  already  described,  in  winch 
case  the  remaining  fine  sediment  would  be  swept  far  out  to  sea. 
The  fineness  of  the  sediment  and  the  strong  littoral  currents  in  th© 
Gulf  are  the  real  reasons  that  there  has  never  been  a  permanent  ad- 
vance of  the  bar  seaward,  nor  any  delta  formation  at  the  mouth  of 
the  river. 
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The  next  question  is  the  cause  of  the  formation  of  a  bar  at  the 
mouth  of  the  river^  and  the  changes  observed  in  its  height  and 
alignment;  that  is,  whether  the  deposition  of  sediment  is  caused 
by  the  want  of  velocity  in  low  stages,  and  the  changes  effected 
during  floods  and  storms  or  "northers/'  or  whether  the  bars  are 
formed  by  sediment  deposited  by  the  river  during  floods  and  by  sand 
drift  moving  westward  along  the  coast  by  the  current  and  wave 
action.  The  latter  was  determined  by  the  engineer  to  be  the 
real  cause,  for  the  following  reasons:  (I)  The  depths  on  the  bar 
have  varied  but  little,  except  in  cases  when  violent  storms  have 
closed  the  main  channel,  leaving  only  depths  of  from  3  to  4  feet, 
and  continuing  in  this  condition  for  several  weeks  before  the  river 
could  break  through  the  barrier  in  some  other  place.  (2)  The  ex- 
tension of  the  bar  seaward  during  freshets  was  not  due  to  the 
pushing  out  of  the  old  material  on  the  bar,  but  simply  to  an  accu- 
mulation of  sediment  carried  by  the  stream  and  deposited  on 
account  of  the  slackened  current.  (3)  The  low-water  season  is 
that  likewise  of  heavy  easterly  winds,  during  which  the  littoral  cur- 
rents have  a  velocity  of  from  1  to  3  miles  per  hour.  The  effect  of 
these  currents  was  to  wear  away  the  outer  face  of  the  bar,  and 
deposit  the  material  to  the  westward  of  the  entrance  to  the  harbor, 
as  shown  by  the  shoaling  to  the  westward,  the  bending  seaward  of 
the  10  and  20  fathom  curves  at  this  place  proving  this.  (4)  The 
18-foot  contour  in  1858,  outside  of  the  bar,  was  1200  feet  further 
seaward  than  in  1881,  whereas  after  a  big  rise  in  1889  the  position 
of  the  bar  was  practically  the  same  as  in  1858.  (5)  The  borings 
on  the  bar  showed  a  heavy  clay  bed,  overlaid  in  order  with  the  fol- 
lowing layers :  a  layer  of  sand  8  feet  thick,  a  layer  of  clay  2  feet 
thick,  a  thick  top  layer  of  fine  sand  and  shell,  while  beyond  the 
bar  is  found  a  flat  slope,  1  in  500,  composed  mainly  of  clay  and  soft 
mud  deposited  from  the  river.  Over  this  area  during  storms  this 
mud  is  disturbed,  and  imparts  the  same  color  to  the  water  that  the 
river  has  in  high  stages,  and  causes  changes  of  depth  from  1  to  2 
feet.  (6)  The  movement  of  the  sand  drift  does  not  extend  beyond 
the  18-foot  contour.  Prior  to  the  construction  of  the  jetties  these 
sand  drifts  tended  to  narrow  the  channel  by  piling  up  the  sand  on 
the  east  or  windward  side  of  the  entrance  during  low-water  stages. 
This  sand  point  was  swept  out  at  each  rise  of  the  river,  causing  the 
cross-section  of  the  channel  to  be  somewhat  variable.  (7)  From 
8,000,000  to  12,000,000  tons  of  sediment  are  annually  deposited  in 
the  Gulf,  and  no  permanent  change  in  the  deep-water  contonre 
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occurs  in  front  of  the  harbor, — which  conld  only  be  the  case  with 
strong  littoral  currents  and  winds  from  the  eastward  side,  as  winds 
from  the  south  and  west  only  cause  very  light  surface  currents  to 
the  eastward. 

To  determine  the  cross-section  for  the  maximum  discharge  it 
was  necessary  to  compare  the  sections  and  slopes  at  two  or  more 
points  along  the  river.  The  banks  of  the  river  for  50  miles'  above 
the  mouth  have  approximately  the  same  slope  as  that  of  the  river  at 
Hood  stage,  The  width  of  the  river  at  25  miles  above  the  Gulf  is 
only  about  one  half  that  at  the  mouth,  while  the  depth  is  twice  as 
great.  The  cross-section  for  the  maximum  discharge  is  approxi- 
mately the  same.  This  fact  establishes  the  section  of  channel  to 
be  made  and  maintained  between  the  jetties. 

The  slope  of  the  river  surface  is  not  affected  by  the  distance  that 
the  jetties  are  extended  seaward.  The  only  effect  is  to  increase  the 
rise  in  the  river  for  any  given  stage  by  an  amount  equal  to  that  due 
to  the  slope  in  the  j6tty  channel. 

At  about  one-half  flood  stage,  the  plane  of  high-water  surface 
being  well  defined  by  marks  on  the  timber  along  the  banks,  a  care- 
ful determination  of  mean  velocity,  discharge,  and  slope  was  made, 
and  by  substitution  in  Eutter^s  formula  the  coefficient  of  roughness 
for  the  section  of  the  river  used  was  computed ;  from  which,  with 
the  slope  of  high  water,  the  maximum  discharge  was  calculated. 
Subsequent  observations  have  shown  this  determination  to  be  in 
orror  less  than  one  half  of  one  per  cent. 

1060.  Brazos  River  Jetties. — After  a  careful  collection  and 
collation  of  the  above  facts  and  data  the  following  plan  was  recom- 
mended :  two  parallel  lines  of  jetties  were  to  be  constructed,  ex- 
tending into  the  gulf  to  a  depth  of  18  feet  outside  the  bar.  The 
works  were  to  be  brush-mattress  ballasted  with  stone.  It  was  at 
first  proposed  to  construct  the  jetties  from  a  trestle  to  be  built 
seaward  as  the  work  progressed,  the  mats  to  be  built  on  tilting  ways 
placed  on  a  platform-car  running  on  a  double-track  railway  on 
two  parallel  pile  bridges.  It  was  found  to  be  impracticable  to 
carry  on  the  pile-driving  and  the  jetty  construction  at  the  same 
time  without  serious  interference  and  diflSculty.  It  was  therefore 
determined  to  let  the  pile-driving  proceed  without  interruption, 
and  to  suspend  the  mats  during  construction  directly  beneath  the 
caps  and  stringers  of  the  completed  portion  of  the  trestle,  and  when 
a  mattress  was  completed  it  was  allowed  to  slide  down  the  piles  to  its 
proper  position  by  loosening  the  suspending  and  supporting  ropes. 
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In  this  mode  of  construction  all  materials  were  delivered  direct 
where  needed.  The  work  could  be  carried  on  simultaneously  over 
any  desired  length,  and  at  as  many  points  as  desired. 

The  trestle  was  built  with  four  rows  of  piles,  in  bents  16  feet 
apart,  and  spaced  laterally  to  suit  the  width  of  the  jetty;  each  beut 
had  8  X  10  caps  driftbolted  to  the  piles  and  10  X  12  inch  stringers. 

The  mats  were  constructed  by  suspending  strips  of  2^  X  6  inch 
timbers,  made  continuous  by  splicing,  and  supported  by  ropes,  abo>e 
the  line  of  wave-action,  fastened  to  the  trestle  timbers.  Brush  wai^ 
then  piled  crosswise  on  these  plank  or  binders  to  the  thickness  of 
one  half  of  that  of  the  completed  mat.  It  was  then  loaded  with 
sufficient  clay  or  shell  to  sink  the  entire  mat.  The  mat  was  com- 
pleted by  piling  on  another  layer  of  brush  to  make  the  required 
total  thickness.  This  upper  layer  was  placed  at  right  angles  to  the 
former.  The  mat  was  then  compressed  between  the  mattress  strips 
with  binders  of  iron  wire  or  rods.  The  latter  are  preferred.  The 
rods  were  half-inch  iron.  These  extended  upwards  through  holes  iu 
the  lower  and  upper  binding  strips,  their  upper  ends  being  caught 
by  a  shackle-bar.  By  lifting  the  rod  a  pressure  of  about  one  ton 
was  developed,  and  the  mat  was  held  compressed  by  means  of  iron 
wedges  driven  into  a  washer  resting  on  top  of  the  mattress  strip. 

The  ballast  used  oh  the  mats  constructed  inside  the  bar,  where 
not  subjected  to  heavy  wave-action,  was  either  clay,  shell,  or  gravel, 
placed  directly  in  the  mats  before  binding  and  compressing  them. 
This  was  less  expensive  than  the  use  of  broken  stone,  and  not  only 
effected  the  same  purpose,  but  made  a  more  compact,  impervious 
jetty,  and  rendered  it  safe  from  the  attacks  of  the  teredo.  Out- 
side of  the  bar,  where  the  force  of  the  waves  was  great  enough  to 
wash  the  clay  and  shell  ballast  from  the  mats,  only  stone  was  nsed 
for  ballast.  This  was  generally  placed  on  top  the  completed  mat, 
and  not  between  the  upper  and  lower  layers  of  binish 

Mattress- work  made  as  above  described  is  flexible,  and  when  not 
subjected  to  strain  from  wave-action  can  be  constructed  continuous 
over  any  desired  length  and  sunk  as  completed,  thus  forming  an 
incline  rising  from  its  final  position  to  the  unfinished  portion  sus- 
pended from  the  trestle.  Where  liable  to  be  disturbed  during  hea^ . 
storms,  the  mats  were  made  in  separate  lengths  of  from  100  i' 
300  feet,  and  allowed  to  sink  by  loosening  all  suspending  lint:> 
simultaneously. 

No  difficulty  was  experienced  in  making  and  sinking  the  mats 
for  the  one-half  mile  inside  of  the  bar,  but  beyond  mats  ballasted 
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ivith  600  pounds  of  stone  to  each  cord  of  brash  were  readily  torn 
loose  by  the  waves  and  the  material  carried  for  miles  along  the 
«hore.  After  completing  the  jetties  for  a  distance  of  3000  feet  the 
work  was  temporarily  abandoned.  The  pile  trestle  had,  howerer, 
been  completed  for  a  length  of  from  1000  to  2000  feet  beyond  the 
mattress- work;  this  resulted  in  a  great  deal  of  scouring  along  the 
amprotected  portion.  This  shows  the  importance  of  carrying  on 
both  trestle  and  mattress  work  simultaneously. 

Even  when  the  jetties  were  only  about  800  feet  long,  a  channel 
20  feet  deep  was  scoured  between  the  jetties  during  a  rise  in  the 
river;  but  the  ends  of  the  jetties  being  inside  the  bar,  the  only 
effect  was  to  push  the  bar  seaward  several  hundred  feet. 

Before  recommencing  the  work  the  following  year,  the  trestle 
beyond  the  mattress-work  had  been  completely  wrecked,  and  a  trench 
from  16  to  18  feet  deep  had  been  scoured  out  its  entire  length,  the 
normal  depth  being  only  10  feet.  The  outer  face  of  the  bar 
had  been  cut  away,  bringing  it  approximately  to  its  original 
position,  with  only  a  channel  8  feet  deep  over  its  crest. 

On  resumption  of  the  work  an  earnest  effort  was  made  to  com- 
plete the  east  jetty,  in  order  to  stop  further  scour,  concentrate  the 
river  current  along  its  line,  and  to  act  as  a  breakwater  for  the 
protection  of  the  west  jetty  from  easterly  storms.  Before  the 
completion  of  this  jetty  one  of  the  heaviest  floods  ever  known 
occurred,  the  discharge  of  the  river  exceeding  60,000  cubic  feet  per 
second,  and  carrying  in  suspension  from  400,000  to  600,000  tons  of 
sediment  per  day.  In  addition,  over  a  million  cubic  yards  of 
clay  and  sand  was  scoured  from  the  bed  of  the  channel  at  the 
mouth  of  the  river,  and  through  the  jetties  this  heavy  material 
could  be  carried  but  a  little  way  beyond  the  bar.  The  result  of  this 
rise  was  a  channel  from  25  to  30  feet  deep  from  the  inside  of  the 
harbor  to  the  outer  end  of  the  mattress-work,  20  feet  for  1500  feet 
beyond,  and  13  feet  across  the  bar  to  the  Gulf.  The  face  of  the  bar 
was  built  seaward  500  feet  by  the  deposit  of  material  on  the  line  of 
the  east  jetty  and  1300  feet  on  the  line  of  the  west  jetty,  the  align- 
ment of  the  bar  making  an  angle  of  about  45^  with  the  axis  of  the 
jetty  channel.  Beyond  the  bar  shoaling  to  the  extent  of  1  or  2  feet 
extended  seaward  for  a  half-mile. 

To  the  east  of  the  jetties  no  shoaling  whatever  occurred,  show- 
ing conclusively  that  the  Gulf  currents,  during  the  entire  time  of  the 
freshet,  were  to  the  westward.  This  is  an  important  point  for  con- 
sideration everywhere  along  the  Gulf  coast. 
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The  east  jetty  was  then  extended  to  a  distance  of  5000  feet  from 
the  shore  on  the  outer  edge  of  the  bar  in  14  feet  of  water,  and  500^ 
feet  inside  of  the  18-foot  contour,  the  point  originally  intended  to 
be  reached.  The  east  jetty  was  then  ballasted  with  rock  weighing 
from  1000  to  3000  pounds. 

The  west  jetty  was  then  completed  to  a  distance  of  4000  feet 
from  the  shore,  the  bottom  course  of  mats  extending  to  5400  feet, 
opposite  the  outer  end  of  the  east  jetty.  The  work  was  again  sus- 
pended, only  sufficient  work  and  attention  being  given  to  maintain 
the  jetties  above  the  plane  of  average  tide. 

Some  damage  was  done  by  washing  the  stone  from  the  crown  of 
the  east  jetty. 

No  rise  of  any  importance  occurred  during  this  period,  and  all. 
changes  of  the  bar  were  due  entirely  to  low  river  currents  and  the  lit- 
toral currents  in  the  Oulf.  Before  the  extension  of  the  west  jetty  the 
action  of  southerly  winds  caused  shoaling  to  11  feet;  but  when  the 
mattress  work  was  completed  the  shoaling  was  stopped,  and  the  chan- 
nel, under  the  action  of  natural  forces,  was  again  deepened  to  13 
feet.  With  the  commencement  of  easterly  winds  the  erosion  of  the 
outer  face  of  the  bar  commenced,  and  continued  until  the  20-foot 
contour  was  only  100  feet  outside  the  jetty  entrance;  and  the 
depths  beyond  were  from  1  to  2. feet  greater  than  at  any  time  since 
the  commencement  of  the  work.     (See  Fig,  392.) 

The  original.^widih  of  the  river  at  its  mouth  was  700  feet  and 
depth  14  feet,  shoaling  towards  the  OtMlt  to  6  feet  of  depth  on  the 
crest  of  the  bar,  while  the  depth  of  the  river  one-half  mile  above  its 
month  was  about  45  feet. 

The  river  channel  above  the  jetties  has  been  corrected  by  wing* 
dams  or  groins  at  right  angles  to  the  channel,  leaving  an  average 
width  of  475  feet.  The  new  channel  forms  a  tangent  to  the  curve 
of  the  river  above,  thus  avoiding  any  liability  of  a  cross-over  bar 
being  formed.  This  straight  reach,  including  the  jetties,  is  li} 
miles  long,  and  is  such  that  the  momentum  of  flood  discharge  of 
the  river,  after  removal  of  the  bar,  will  probably  scour  for  at  least 
1500  feet  beyond  the  end  of  the  works. 

To  prevent  undermining  by  the  formation  of  a  deep  channel 
along  the  jetties,  spur-dikes  40  feet  long  were  built  at  intervals  ot 
about  400  feet  along  each  side  of  the  jetty  channel.  The  deposits 
produced  by  these  spurs  have  built  solid  walls  of  mud  along  each 
jetty,  making  them  impervious,  preventing  undermining,  and  pro* 
tecting  them  from  destruction  by  the  teredo. 
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The  inner  edge  of  the  river-bar  was  originally  about  3000  feet 
from  the  shore  on  the  channel  line,  and  nniting  with  the  shore  a 
half  mile  west  of  the  entrance.  All  this  portion  to  the  westward  of 
the  west  jetty  has  been  filled  up  by  deposits  and  silting,  so  as  to  be 
bare  at  low  tide,  thus  making  the  inner  3000  feet  of  the  west  jetty 
practically  a  river-bank.  No  river  deposit  has  accumulated  to  the 
eastward  of  the  east  jetty,  but  the  movement  of  sand-drift  along 
the  shore  has  formed  a  high  concave  beach  in  the  angle  of  the  east 
jetty  and  extending  1200  feet  seaward.  Sand  is  banked  against 
the  outside  of  the  jetty  for  a  distance  of  3000  feet  from  the  shore, 
but  slopes  rapidly  down  to  the  original  depth  from  the  jetty. 

When  the  next  rise  occurred  in  the  river  about  2000  feet  of  the 
«ast  jetty  had  been  denuded  of  the  broken  stone,  as  already  stated, 
the  top  of  the  jetty  being  2  feet  or  more  below  mean  Gulf  level. 

A  large  amount  of  river  discharge  was  thus  allowed  to  escape 
laterally;  but,  notwithstanding,  a  channel  15  feet  deep  was  scoured 
over  the  bar,  and  the  inner  face  cut  away  so  that  the  Id-foot  con- 
tours on  opposite  sides  were  only  400  feet  apart.  This  channel  has 
been  subsequently  increased  to  a  depth  of  16  feet,  under  the  action 
of  currents,  at  a  medium  stage  of  water.  The  bar  in  front  of  the 
irest  jetty  has  been  pushed  seaward  several  hundred  feet,  but  no 
ohange  has  occurred  east  of  the  axis  of  the  jetty  channel.  A  slight 
-deposit  of  mud,  1  to  2  feet  deep,  has  been  made  on  the  outer  slope, 
which  was  being  rapidly  removed  by  the  currents.  Had  the  jetties 
been  maintained  above  the  water  surface,  confining  the  discharge, 
it  is  probable  that  a  still  better  result  would  have  been  secured. 

It  was  the  original  intention,  so  soon  as  the  jetties  had  suffi- 
oiently  settled,  to  build  concrete  coping-walls  on  those  portions  ex- 
posed to  wave-action.  The  advantages  to  be  derived  from  these 
ooping- walls  have  been  fully  shown  at  the  mouth  of  the  Mississippi, 
South  Pass  Channel,  and  at  the  Sulina  mouth  of  the  Danube.  In 
the  former  case  a  depth  of  only  24  feet  was  maintained  between  the 
jetties  until  the  concrete  coping  was  placed,  when  it  increased  to 
^0  feet;  in  the  latter  the  increase  was  from  15  feet  before  to  22  feet 
^fter  the  placing  of  the  coping.  In  addition,  without  this  coping 
the  jetties  are  in  constant  danger  of  being  wrecked  by  storms. 

With  average  weather,  three  bents  of  four  piles  each  were  driven 
and  trestle  completed  per  day.  From  an  average  for  the  season,  it 
was  found  that  the  labor  required  in  the  construction  of  mats  was 
one  and  one-third  hours  for  each  cord  of  brush  used,  and  one  hour 
for  each  ton  of  rock  distributed  in  place  in  the  jetties.     The  brush. 
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and  rock  is  delivered  alongside  iu  barges.  Two  cubic  yards  of 
brush,  as  measured  on  the  barges,  when  compressed  in  the  mats  and 
consolidated  with  heavy  stone  ballast,  made  one  cubic  yard  of  com- 
pleted jetty  work»  The  following  table  gives  the  cost  of  one  cubic 
yard  of  completed  jetty  on  a  distance  of  2000  feet,  exposed  to 
heavy  sea  action : 

I  Trestle-work $0  20 

Scaffold  and  mattress  frame 0  05 

Brush 0  70 


Labor  on  mat 0  10 

•    Bock  ballast    1  40 

Labor  placing  ballast 0  08 

Engineering  and  superintendence 0  07 


"Y 


Cost  of  one  cubic  yard  in  place $2  60 

Brush  cost  11.50  per  cord  delivered  on  board  of  barges,  and  the 
rock  ballast  |;3.50  per  ton  on  barges  alongside  of  the  works. 

1061 .  The  following  principles  are  stated  by  Mr.  Wisner  as 
governing  jetty  and  harbor  construction : 

(1)  With  tidal  harbors  the  slope  of  the  surface  in  the  jetty 
channel  is  inversely  as  the  length  of  the  pass;  and  consequently^ 
on  the  Gulf,  where  the  tides  are  very  small — about  1  foot — and  the 
distance  to  deep  water  very  great,  the  plan  of  improving  harbor 
entrances  by  confining  tidal  currents  between  jetties  is  a  somewhat 
doubtful  experiment. 

This  view  or  principle  is  controverted  by  another  eminent  en- 
gineer, Mr.  Ripley,  who — while  admitting  that  such  a  plan  is  an 
expensive  and  unscientific  method  of  improving  tidal  harbors,  inas- 
much as  the  improvement  which  can  be  effected  by  such  means, 
where  possible,  will  be  only  a  fraction  of  that  attainable  by  other 
means,  and  where  the  form  of  the  tidal  curve  is  a  sinusoid,  like 
that  on  the  Atlantic  coast,  the  experiment  is  exceeding  doubtful— 
believes  that,  where  the  form  of  the  tidal  curve  is  such  as  is  found 
on  the  Texas  coast  during  great  declinational  tides,  it  is  possible, 
by  confining  tidal  currents  between  jetties,  to  greatly  increase 
the  slope,  and  hence  the  scouring  force  due  to  tidal  action,  over 
its  normal  amount,  especially  during  ebb  currents;  and  in  support 
of  these  views  gives  a  large  number *of  observations  on  the  tidal 
phenomena  of  Galveston  harbor,  and  concludes  that  the  contrac- 
tion of  the  entrance  will  increase  the  ebb  slopes,  and,  in  case  of 
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extreme  contraotion^  to  the  extent  of  108  per  cent,  and  that  the 
duration  would  also  be  increased  to  the  extent  of  2  per  cent.  The 
average  ebb  slope  exceeds  the  flood  slope  by  50  per  cent,  while  the 
average  duration  of  the  flood  slope  exceeds  the  ebb  by  50  per  cent. 
He  thinks  the  effect  would  be  much  greater  if  the  contraction  was 
one-half  of  that  proposed  for  the  improvement  of  Galveston  harbor, 
namely,  jetties  7000  feet  apart.  Mr.  Lewis  Haupt  says  that  the 
attempt  to  obtain  deep  water  by  twin  jetties  7000  feet  apart  must 
result  in  a  "  calamitous  failure,^^  as  such  jetties  cannot  coact  to  pro- 
duce scour,  and  are  too  remote  from  each  other  to  protect  the 
channel. 

(2)  Jetties,  to  produce  a  maximum  result  at  a  minimum  cost, 
must  be  completed  beyond  the  bar  in  a  single  season.  The  bar 
then  acts  as  a  submerged  weir  with  the  strongest  current  on  the 
outer  crest,  thus  transporting  all  eroded  material  to  a  safe  distance 
from  the  entrance. 

(3)  Delays  cause  great  increase  in  the  cost  of  construction  from 
damage  to  the  works  by  storms,  and  the  much  greater  distance  the 
jetties  have  to  be  built  seaward. 

(4)  The  success  of  jetty  improvements  depends  largely  on  the 
existence  of  strong  littoral  currents  in  front  of  the  harbor  entrance; 
otherwise  the  advance  of  fore  shore  and  bar  would  soon  close  any 
channel  formed. 

(5)  In  jetties  at  the  mouth  of  rivers  the  strongest  currents  are 
at  the  outer  end  of  the  channel,  and  in  no  case  is  it  necessary  to 
build  the  works  to  a  greater  depth  beyond  the  bar  than  that  re- 
quired in  the  channel. 

(6)  When  scour  takes  place  in  the  channel-bed  its  action  is  first 
noticeable  at  the  lower  end  of  the  section, -and  gradually  works  up 
stream. 

(7)  In  fresh-water  streams  flowing  directly  into  the  Gulf  salt- 
water currents  up-stream  often  exist,  where  the  surface  current  is 
flowing  seaward ;  and  consequently  surface  velocities  are  no  sure 
measure  of  the  discharge  or  scouring  action. 

This  statement  is  amply  confirmed  by  direct  experiments  for 
determining  the  direction  and  velocity  of  currents  at  different 
depths  in  tidal  streams. 

(8)  When  the  east  jetty  was  completed  2000  feet  in  advance  of 
the  west  jetty,  the  main  current  at  ebb-tide  flowed  past  the  end  of 
the  unfinished  jetty  at  nearly  right  angles  to  the  jetty  channel.  The 
shoaling  which  then  took  place  on  the  bar,  and  the  subsequent 
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deepening  when  the  jetty  was  extended,  very  plainly  indicate  that 
one  jetty  would  not  be  very  effective  for  channel-making  at  ports 
of  this  class. 

As  to  the  statement  in  the  last  paragraph,  Mr.  Haupt  states  that 
the  Brazos  River  is  the  only  one  between  Sabine  and  Corpus  Christi 
that  has  no  lagoon  or  estuary,  and  which  debouches  directly  into 
tidal  water,  and  therefore  offers  the  most  favorable  conditions  for 
improvement  by  parallel  jetties,  properly  spaced  and  located,  while 
tlie  other  rivers  between  the  points  mentioned  are  entirely  depend- 
ent upon  the  tidal  volume  for  their  action;  that  the  location  and 
width  between  the  jetties  were  the  best  for  that  river,  and  the  direc- 
tion was  selected  with  reference  to  the  prevailing  seas,  requirements 
of  navigation,  discharge  of  fresh  water,  and  the  littoral  currents. 

The  case  is  peculiar  in  its  physical  conditions  and  its  resemblance 
to  the  few  successful  instances  of  jetties  in  pairs  at  the  mouths  of 
rivers  with  weak  tides;  but  where  there  is  a  large  tidal  movement, 
even  though  the  range  be  small,  and  especially  where  there  is  a  pre- 
vailing direction  of  littoml  drift,  he  has  advocated  the  construction 
of  a  single  line  of  defensive  works  to  protect  the  channel  on  the 
outer  bar  of  inlets  from  travelling  sands,  as  being  a  better  expedi- 
ent for  tidal  entrances  than  the  usual  pair  of  jetties  intended  to 
produce  concentration  of  ebb  currents. 

An  example  of  this  kind  is  to  be  found  at  the  mouth  of  the 
Columbia  River,  Oregon,  where  the  single  jetty  which  has  been 
built  on  the  south  side  of  the  entrance  has  intercepted  the  drift  of 
sand  and  shingle,  and  thus  improved  the  depth  several  feet,  although 
the  bar  has  been  pushed  seaward,  and  is  still  in  an  unstable  condi- 
tion, because  of  the  improper  location  and  form  of  this  work.  The 
construction  of  another  jett^y  would  still  further  increase  the  shoal- 
ing which  has  taken  place,  and  reduce  the  tidal  prism  entering  the 
estuary. 

Upon  this  same  point  Mr.  J.  F.  Le  Baron  said  that  a  different 
plan  might  have  been  adopted,  by  which  at  least  a  portion  of  the 
Avest  jetty  might  have  been  dispensed  with,  thereby  saving  a  consid- 
erable portion  of  the  cost.  The  well-known  fact  that  the  concave 
bends  of  rivers  and  training-walls  always  induce  a  scour,  and  are 
deeper  than  other  reaches  of  the  river,  has  been  taken  advantage  of 
in  planning  jetties.  One  of  the  mouths  of  the  Oder  River,  Prussia, 
on  the  Baltic  Sea,  is  of  about  the  same  size  as  the  Brazos,  with  a 
drainage  area  of  50,000  square  miles,  and  empties  into  an  almost 
tideless  sea.    The  prevailing  storms  come  from  the  northwest,  and 
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there  is  at  other  times  a  somewhat  strong  littoral  current  to  the 
eastward. 

The  east  jetty  projects  about  one  quarter  mile  beyond  the  west 
jetty,  the  two  being  nearly  parallel,  and  curved  to  westward.  The 
littoral  current  strikes  the  conoave  side  of  the  east  jetty,  which  would 
be  considered  unfayorable;  but  the  river  current  is  strong  enough 
to  sweep  away  all  its  sediment. 

With  a  similar  construction  at  the  Brazos  the  littoral  current 
would  strike  the  convex  side  of  the  east  jetty;"  that  is,  when  built 
on  ix  curve  concave  to  the  west.  The  waves  rolling  in  at  tlie  month 
will  expend  themselves  on  the  concave  jetty,  thus  insuring  tranquil 
water,  in  the  largest  part  of  the  channel,  instead  of  rolling  up  the 
whole  length  of  the  channel.  The  construction  of  the  windward 
jetty  on  a  curve  entail*  no  increased  expense;  if  not  effective  alone, 
another  jetty  can  be  constructed  parallel  to  it.  In  the  case  of  the 
Oder,  the  radius  of  the  curve  of  the  east  jetty  is  5500  feet;  this  is 
too  short,  the  result  being  that  too  much  scour  has  been  developed 
alongside  this  jetty. 

1062.  The  question  of  the  strength  and  stability  of  brush-and- 
fitone  jetties  in  very  exposed  situations  is  also  raised.  If  there  is  a 
sufficient  quantity  of  stone,  and  heavy  enough  to  remain  on  the 
jetties,  there  would  seem  to  be  no  reason  for  doubt  on  this  point, 
and  a  preference  is  shown  for  log  mats  rather  than  brush  mats  by 
some  enginee)*s. 

Log  mattresses  consist  essentially  of  a  series  of  logs  not  less  than 
9  inches  diameter  at  the  small  end,  formed  into  a  raft,  which  are 
held  together  by  binders  of  logs  not  less  than  4  inches  at  the  small 
end,  and  bolted  to  the  main  logs.  Brush  or  poles  and  sawmill 
slabs  in  layers  are  placed  on  the  log  mats. 

The  thickness  of  these  mats  was  from  16  to  22  inches;  such 
mats  are  easily  made.  Seven  men  would  make  a  mat  100  X  100  feet 
in  three  days,  at  a  cost  of  about  45  cents  per  square  yard.  Stone  cost 
$1.50  to  $1.75  per  cubic  yard;  lime  rock  cost  $2.45  per  ton.  These 
mats,  when  completed,  were  towed  out  to  position,  the  stone  barges 
being  alongside  the  mat,  and  when  in  position  held  by  heavy 
anchors.  The  mat  is  held  up  by  bridle  lines  at  the  corners.  It  is 
carefully  located  by  masts  built  in  the  mat  being  brought  into  line 
with  ranges  on  shore,  and  position  with  respect  to  other  mats 
already  sunk  are  indicated  by  their  masts.  It  is  best  to  place 
adjacent  mats  overlapping  a  few  feet;  otherwise  gaps  will  be  left. 

The  stone  is  then  thrown  on  the  mat  from  the  barges,  and  the 
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lines  loosened  so  as  to  allow  a  gradual  sinking  to  the  bottom.  The 
bottom  layer  was  rapidly  covered  with  sand  to  a  considerable  depths 
protecting  them  from  the  teredo;  the  teredo  ate  into  the  exposed 
ends  of  the  upper  layers^  but  did  not  attack  those  portions  oovered 
with  rock. 

Several  jetties  have  been  constructed  in  this  manner  on  the  A1^ 
lantic  coast,  at  Cumberland  Sound,  and  the  mouth  of  St  John's 
River.  The  rock  was  in  a  short  time  completely  covered  with 
oysters,  barnacles,  etc.,  which  effectually  protected  the  logs  from  the 
teredo  and  induced  the  deposit  of  silting  sands.  The  width  of  such 
jetties  varies  from  50  to  120  feet,  according  to  their  position  in  shoal 
waters  or  in  the  breakers.  The  number  of  courses  of  mats  varies 
with  the  depth  of  water.  Greater  solidity,  strength,  and  simplicity, 
as  compared  with  brush  mattresses,  is  claimed. 

1063.  As  against  lines  of  jetties  on  curves,  it  is  argued  that 
the  increased  depth  is  always  attained  at  the  sacrifice  of  a  wide 
channel,  and  that  a  curved  narrow  channel  at  the  entrance  to  a 
harbor  is  both  difficult  and  dangerous  whenever  the  current  in  the 
river  is  strong.  At  South  Pass  the  course  near  the  outer  end  of 
the  jetties  has  a  tendency  to  make  the  channel  too  narrow,  and  re- 
quires constant  dredging  to  remove  the  deposits  from  the  convex 
side  of  the  channel  which  are  invariably  formed  at  certain  stages 
of  the  river. 

1064.  It  is  not  only  required  that  a  certain  depth  of  channel, 
but  also  a  certain  minimum  width,  shall  be  maintained — ^not  less 
than  20  feet  deep  nor  100  feet  in  width. 

A  comparison  of  the  Brazos  River  and  its  improvements  with 
those  of  the  Sulina  mouth  of  the  Danube,  and  South  Pass,  Mississippi 
River,  shows  the  following  points  of  resemblance:  In  each  case 
there  is  a  sediment-bearing  stream  of  fresh  water  debouching  into 
a  sea  of  salt  water,  a  littoral  current  flowing  past  the  mouth  in  one 
direction,  and  a  similar  arrangement  of  jetties  extending  normally, 
or  nearly  so,  to  the  direction  of  the  littoral  current.  In  each  case 
there  has  resulted  deep  wat^r  close  to  the  end  of  that  jetty  on  the 
side  from  which  the  littoral  current  comes,  and  a  new  shore-line 
and  an  immense  shoal  beyond  the  end  of  that  jetty  on  the  opposite 
of  the  jetty  channel  from  that  which  the  littoml  current  flows, 
the  new  shore-line  extending  far  out  from  the  old  one  in  the  angle 
between  this  and  the  jetty. 

1065.  The  ballast  used  in  jetties  is  not  only  required  to  sink 
them,  but  must  be  of  sufficient  weight  to  hold  the  mattresses  in 
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place ;  for  this  latter  purpose  about  1^  yards  of  heavy  limestone  were 
used  for  every  cord  of  brash. 

1066.  The  Mississippi  River, — The  importance  of  the  proper 
improvement  of  the  Mississippi  Biver  throughout  its  great  length 
as  well  as  at  its  mouth  has  naturally  led  to  an  immense  amount 
of  labor,  expenditure  of  money,  and  thought,  not  only  in  regard  to 
improving  the  channel  of  the  river  in  the  interest  of  navigation, 
but  for  the  protection  of  the  adjoining  country  from  inundations, 
with  their  consequent  devastation  and  interference  with  and  injury 
to  the  eificient  cultivation  of  the  lands  affected  by  them. 

Entirely  opposite  conclusions  have  been  reached  from  the  ob- 
servations made,  both  in  regard  to  the  causes  of  the  obstructions  to 
navigation,  the  changeableness  of  the  magnitudes  and  positions  of 
these  obstructions,  as  well  as  in  regard  to  the  proper  remedies  to 
be  applied. 

It  is  not  the  purpose  in  this  place  to  discuss  these  different  ob- 
servations or  the  conclusions  drawn  from  them,  or  to  take  sides  in 
advocating  the  theories  or  views  of  any  particular  engineer.  Some 
state  that  the  sediment  in  suspension  is  greater  during  periods  of 
low  velocity,  and  others  during  periods  of  high  vMocity;  that  the 
bed  is  composed  of  stiff,  compact  clay,  and  others  that  it  is  com- 
posed of  light,  easily  scoured  material;  some  that  the  bed  is  for  a 
depth  of  two  or  more  feet  composed  of  a  moving  mass  of  sand. 
For  a  full  discussion  of  these  and  other  important  questions  the 
reader  is  referred  to  the  reports  of  Messrs.  Abbott  and  Humphrey, 
U.  S.  Engineers  ;  Gapt.  James  B.  Eads,  Robert  E.  McMath,  and 
others. 

We  will  in  this  place  simply  describe  in  brief  the  construction 
of  the  works  employed  in  the  improvements  of  the  mouth  of  the 
Mississippi  River  by  Gapt.  Eads. 

1067.  While  admitting  the  efficacy  of  jetties  in  producing  a 
sufficient  scouring  action  to  cut  a  channel  through  the  bar  existing 
at  or  near  the  mouth  of  the  river,  over  the  crest  of  which  a  navi- 
gable channel  at  low  tide  of  only  7  feet  in  depth  existed,  the  op- 
ponents of  Gapt.  Eads^  plan,  though  not  novel  as  far  as  simple  jetty 
construction  was  concerned,  doubted  the  bearing-power  of  the  soft 
and  silty  soil  upon  which  the  jetties  would  have  to  rest,  and  argued 
that  the  only  effect  of  the  jetties  would  be  to  push  the  bar  farther 
seaward,  and  require  the  continual  lengthening  of  the  jetties  to 
secure  any  permanently  beneficial  results.  In  answer  to  this  latter 
objection  Gapt.  Eads  claimed  the  existence  of  littoral  currents  on 
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the  line  of  the  ends  of  the  proposed  jetties^  which  would  effectually 
sweep  away  all  sediment  passing  out  of  the  sea  end  of  the  jetties^ 
and  effectually  prevent  the  formation  of  a  new  bar;  and  that  prop- 
erly constructed  jetties  extending  to  the  proper  distance  into  the 
Gulf  would  produce  a  permanent  channel^  the  sediment  beiug  de- 
posited to  one  side  and  behind  one  of  the  jetties,  while  the  travel- 
ling sands  of  the  beach  would  form  to  some  extent  behind  the  other 
jetty,  thus  adding  to  the  stability  and  permanency  of  the  jetties. 

As  to  the  bearing-power  of  the  soft,  marshy  soil  composing  the 
delta,  it  seems  somewhat  strange  that  as  late  as  the  year  1875  any 
question  should  have  been  raised  on  this  point,  as  at  that  time  more 
than  one  railroad  had  been  built  across  this  same  material  and  in 
full  operation.  A  board  of  engineers,  however,  reported  that,"  after 
four  months  of  actual  operations,  the  work  of  pile-driving  extend- 
ing from  the  East  land's  end  to  26  feet  depth  beyond  the  crest  of 
the  bar,  along  a  line  two  and  a  quarter  miles  in  length,  covering 
]iearly  the  whole  length  of  the  eastern  jetty,  and  an  examination  of 
the  texture  of  the  bar  and  of  the  shoals  on  which  the  works  are  to 
rest,  furnish  the  most  satisfactory  evidence  of  a  bottom  material  not 
only  adequate  to  1>ear  all  the  necessary  works,  but  even  to  suggest 
that  but  for  motives  of  economy  the  jetties,  as  at  the  Solina  mouth 
of  the  Danube,  might  be  made  wholly  of  stone.'*  The  broad  lateral 
siioals,  almost  bare  at  low  water,  afford  an  excellent  protection  fur 
the  works,  until  the  outer  edge  of  the  bar  is  reached,  leaving  onlj 
the  comparatively  short  portions  of  the  jetties,  outside  the  bar,  ex- 
posed to  the  force  of  the  waves. 

1068.  The  South  Pass  is  the  middle  one  of  three  passes  into- 
which  the  river  divides  a  few  miles  before  it  finally  discharges  its 
waters  into  the  Gulf  of  Mexico.  It  is  about  12  miles  long,  with 
no  sharp  bends,  no  shoals,  forming  a  straight  uniform  channel 
averaging  700  feet  in  width,  having  an  average  depth  of  30  feet  or 
more. 

At  the  head  of  the  passes  a  shoal  lies  in  advance  of  its  entrance: 
this  presented  no  serious  dilSiculty  in  cutting  a  channel  through  it* 
About  10  miles  below  this,  where  the  land  margins  of  the  delta  end, 
the  current  diffuses  itself,  the  depth  diminishes  over  a  distance 
of  about  2  miles,  and  the  bar  is  found,  having  over  it  only  a 
channel  7  feet  deep.  Seaward  of  this  the  depth  increases  rapidly 
from  G  to  24  fathoms,  and  more. 

The  improvements  consist  in  the  construction  of  two  parallel 
jetties  over  these  2  miles,  from  land's  end  to  the  outer  slope  of  the 
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biir,  thereby  prolonging  to  the  sea,  beyond  the  bar,  a  channel  having 
the  same  uniformity  of  section  and  depth  as  exists  in  the  first  10 
miles  of  the  length  of  the  pass.  The  snccess  attending  the  con- 
struction of  two  parallel  jetties  at  the  Sulina  month  of  the  Danube, 
where  a  depth  of  20^  feet  had  been  secured,  gave  every  assurance 
of  equal,  if  not  much  better,  results  at  the  mouth  of  the  Mississippi 
River,  which,  though  similar  in  many  respects  to  the  physical 
characteristics  of  the  delta  and  bars  at  the  mouth  of  the  Danube, 
presented  some  advantages  (1)  in  the  greater  depth  immediately 
beyond  the  crest  of  the  bar;  (2)  the  existence  of  tide-water;  (3) 
the  greater  drifting  and  abrading  force  of  the  littoral  currents;  (4) 
the  fineness  of  the  sand  composing  the  bar;  (5)  the  volume  of  dis- 
charge being  three  times  as  great,  notwithstanding  the  greater 
turbidity  of  its  current. 

1069.  As  late  as  1873  a  board  of  engineers  reported  as  follows: 
"  Upon  a  review  of  the  practical  difficulties  which  the  adoption  of 
the  jetty  system  of  improvement  at  the  mouth  of  the  Mississippi 
would  entail,  and  a  due  consideration  of  the  original  cost  of  con- 
struction and  of  annual  extension,  entertaining  doubts,  moreover, 
of  the  successful  issue  of  the  attempt,  the  board  do  not  consider  it 
advisable  to  recommend  it;" — recommending  instead  the  construc- 
tion of  a  ship-canal,  with  locks. 

1070.  The  work  of  construction  was  commenced  about  June 
14,  1875.  In  November  of  the  same  year  it  was  reported  that 
the  lines  of  the  jetties  were  distinctly  marked  out  by  the  rows  of 
piles  extending  seaward  on  the  east  side  beyond  the  crest  into  26 
feet  of  water,  and  on  the  west  side  to  about  20  feet  depth.  This 
could  produce  little  scouring  action;  but  with  only  about  4400  feet 
in  length  of  the  eastern  jetty  raised  to  the  water  surface,  consider- 
able scouring  effect  was  noticeable,  notwithstanding  an  opening  of 
600  feet  at  the  head  of  the  west  jetty. 

The  crests  of  the  parallel  jetties  are  1000  feet  apart.  The 
jetties  proper  consist  of  mats  or  mattresses  of  brush  ballasted  with 
stone,  and  sunk  along  the  line  of  piles  already  mentioned. 

In  about  one  year  after  commencing  work,  although  the  work 
had  not  been  completed  on  any  part  of  the  jetty  channel,  extend- 
ing over  a  length  of  nearly  2^  miles,  the  result  was  very  satisfac- 
tory. At  a  point  10,000  feet  from  the  inner  or  land  end  of  the  jetty 
the  depth  in  the  channel  had  increased  from  9.7  feet  to  17.1  feet; 
and  with  the  exception  of  a  length  of  75  feet,  the  depth  was  25 
feet,  where  there  was  less  than  9  feet  a  year  before  this  date.    An 
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immense  amount  of  material  had  been  taken  up  and  carried  sea- 
ward by  the  confinement  of  the  flow  between  the  jettiet,  and  there 
was  a  decided  shoaling  on  the  outer  sides  of  both  jetties,  protecting 
them  from  lateral  wave-action,  and  rendering  them  more  secure. 
In  addition  considerable  deepening  in  front  of  the  jetties  at  dis* 
tances  between  2400  and  4000  feet  was  observed. 

In  less  than  two  years'  time  a  channel  depth  of  30  feet  was 
reported  through  nearly  the  whole  line  of  jetties;  and  just  at  the  sea 
enl  of  the  jetties  a  channel  depth  over  the  bar  of  21^  feet.  *'The 
jetties  are  protected  from  the  sea  by  miles  of  sand-bars  which  have 
formed  behind  the  jetties  along  the  whole  line,  and  the  channel  is 
now  like  a  canal  1000  feet  wide  cat  through  sand-bars  and  walled.^' 

Again,  in  1879,  the  following  description  and  report  was  made 
by  a  board  of  Government  engineers:  From  land's  end  (East  Point) 
of  eastern  shore  to  35  feet  depth  in  the  Gulf,  which  was  300  feet 
beyond  the  crest  of  the  bar,  was  a  distance  of  11,941  feet,  which 
figures  define  the  length  of  the  east  jetty  as  originally  designed 
and  marked  by  piles.  The  natural  bank  on  the  west  side  of  the 
South  Pass  extended  seaward  4000  feet  farther  than  the  natural 
eastern  bank:  the  initial  point  of  the  west  jetty  was  therefore 
taken  about  that  distance  below  the  origin  of  the  eastern  one; 
hence  the  required  length  of  this  jetty  was  8000  feet,  nearly.  The 
average  width  between  the  banks  of  the  pass  itself  is  about  TOO  feet, 
and  this  width  was  fixed  upon  as  the  minimum  between  the  jetties. 
The  origin  of  the  west  jetty  was  established  some  600  feet  from  the 
west  bank,  and  this  end  is  connected  with  the  west  bank  by  a  dam 
built  at  right  angles  to  the  jetty;  this  is  known  as  the  Kipp  dam. 
Fig.  393  shows  general  alignment  of  jetties,  dams,  wing-dams,  and 
headworks,  soundings,  etc. 

The  original  design,  therefore,  consisted  of  an  east  jetty  11,941 
feet  in  length,  or  2^  miles;  a  west  jetty,  8050  feet  in  length;  and 
the  Kipp  dam.  The  construction  of  the  jetties  consists  in  a  broad 
foundation  layer  of  willows  or  other  suitable  brush,  formed  into 
mattresses,  on  top  of  which  was  built  a  superstructure  of  tapering 
section  of  alternating  layers  of  mattresses  and  stone  or  gravel,  iritli 
the  exception  of  about  300  feet  in  length  at  the  extreme  ends. 
The  jetties  had  been  built  up  to  the  level  of  average  high  water,  cr 
somewhat  above  that  level.  Owing  to  settling  and  sinking,  mat- 
tresses and  stone  were  added  from  time  to  time,  and  at  the  time  of 
the  report  about  1500  feet  of  the  seaward  ends  were  overflowed  at 
high  tide,  and  a  portion  of  this  distance  at  low  tide. 
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The  extreme  end  of  the  east  jetty  was  about  11  feet  below  aver- 
age flood-tide^  this  depth  decreasing  to  1  foot  and  less  higher  up- 
stream. These  depths  were  partly  due  to  settlings  and  partly  to 
superficial  destruction  by  storms.  The  actual  maximum  settlement 
and  compression  of  willows  was  estimated  at  3^  feet. 

Up  to  the  time  of  this  report  there  had  been  used  on  the  jetties 

And  the  dam  310^830  cubic  yards  of  mattresses  and  willows  and 

Concrete  54,565    cublc  yards    of    stone — 

mostly  small  stone. 

To  remove  the  bar  at  the  head 

I  ■  .    .   .    .    .   r       ^      ^^  ^^®  P^®®   ^^®  channel  east  of 
^  I    I  *i   S  ^  I '  \'i    I    \    I    )^    *^®  island  was  closed,  and  dikes, 
MAttmwM  and  broken  stonea  callcd  T  hcads,  wcrc  ruu  out  from 

PART  CROSS  SECTION  OF  8^  j.-L'lJ  J^  i.1.  x"Ul 

ENP.or  80UTH  pAM  jcTTiEt  tlie  islancl  ancl  from  toe  west  oauK 

Fig.  8»3a.  in    order   to    define   the    proper 

channel.    These  constitute  the  works  at  the  head  of  the  pass. 

The  other  two  passes  were  partially  closed  by  mattress-sills, 
which  simply  consist  for  each  pass  of  a  single  mattress  70  feet  wide 
and  about  30  inches  thick,  sunk  to  the  bed  and  weighted  with  stone. 

In  these  yarious  head-works  there  was  consumed  141,100  cubic 
yards  of  mattresses  and  willows  and  10,755  cubic  yards  of  stone. 

A  number  of  wing-dams  were  constructed,  intended  to  accel- 
erate the  deepening  of  the  channel,  and  regarded  only  as  temporary 
works. 

It  may  be  stated  at  this  point  that  it  was  apprehended  that  the 
^construction  of  the  jetties,  dams,  and  head-works  in  South  Pass,  and 
the  so-called  mattress-sills  placed  across  Southwest  Pass  and  Pass 
d  rOutre,  would  so  far  obstruct  the  free  discharge  of  the  total 
Tolume  of  water  as  to  materially  incretise  the  height  of  the  flood- 
liue  in  the  river  at  New  Orleans,  about  100  miles  above  the  head  of 
the  passes,  and  115  miles  above  the  mouth  of  the  passes.  And  the 
dangerous  high-water  conditions  at  New  Orleans  in  April,  1892, 
was  attributed  to  the  refluence  of  waters  caused  by  the  above  works. 
Mr.  E.  L.  Corthell,  who  is  thoroughly  familiar  with  the  hydraulic 
problems  involved,  and  who  had  immediate  charge  of  the  con- 
struction of  the  jetties  and  other  improvements,  states  without 
hesitation  that  the  condition  at  New  Orleans  was  in  nowise  the 
result  of  the  jetties  or  their  auxiliary  works. 

The  top  of  the  maximum  flood  at  New  Orleans  is  about  17  feet 
above  mean  Gulf-level  found  at  the  mouth  of  the  passes;  this  mean 
<Julf -level  is  scarcely  2  feet  below  the  level  of  the  narrow  ridge  of 
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land  along  the  immediate  banks  of  the  river  in  its  lower  reaches^ 
and  is  about  the  level  of  the  mnd  flats  just  back  of  this  narrovr 
river  ridge  of  deposits.  There  were  two  free  outlets  within  a  short 
distance  above  the  head  of  the  passes :  one,  '^  Cubits  "  crevasse,  which 
at  the  time  of  building  the  jetties  was  one-half  mile  wide  and  60 
feet  deep;  the  other  was  nearly  as  large.  If  the  jetties  and  sill- 
mattresses  at  the  three  main  outlets  of  the  Mississippi  had  raised 
the  water  to  any  extent,  it  would  have  at  once  sought;  relief  through 
these  crevasses  and  kept  them  to  their  full  size — which  it  did  not ;  or 
it  would  have  made  other  channels  in  the  very  soft  and  easily 
scoured  materials  forming  the  banks  and  bed  of  the  river,  as  these 
materials  are  moved  by  any  acceleration  of  the  current. 

1071.  The  almost  immediate  effect  of  the  works  at  the  head  of 
South  Pass  was  the  deepening  of  the  two  large  passes  on  each  side^ 
which  carry  to  the  sea  90  per  cent  of  the  volume  of  the  main  river^ 

The  mattress-sills  did  no  more  than  restore  the  normal  depth 
in  these  side  passes,  as  they  were  only  about  30  inches  thick,  and 
the  deepening  of  these  channels  was  fully  equal  to  this  thickness. 
The  only  purpose  of  this  sill-dam  was  to  restore  the  proper  and 
normal  flow  in  the  South  Pass. 

Returning  to  the  report  of  the  board,  dated  1879,  it  proceeds: 

(1)  The  top  of  the  east  jetty  is  to  be  raised  about  1^  feet  abovfr 
average  flood -tide  to  a  point  9200  feet  from  the  land  end,  and 
finished  by  a  rounded  paving  of  riprap  stone.  The  next  1000  feet 
in  length  to  be  capped  by  a  low  wall  of  rubble  masonry.  The  re- 
maining portion  of  this  jetty — a  distance  of  about  1550  feet,  the 
extreme  sea  end  of  which  is  to  be  raised  7|  feet  above  average 
flood-tide — is  to  be  capped  with  large  blocks  of  concrete  built  in 
place,  on  which  ultimately  a  continuous  parapet  of  concrete  is  to  be 
built.  The  river  and  sea  slopes  of  this  jetty  and  its  sea  end  are  to 
be  protected  by  mattresses  strengthened  at  the  sea  ends  and  for 
some  distance  back  by  cribs  of  palmetto  logs  filled  with  stone. 
Similar  additions  are  to  be  made  along  the  west  jetty  at  correspond- 
ing positions.  The  protection-works  for  the  sea  ends  are  not  so  ex- 
tensive as  those  for  the  east  jetty,  which  is  more  exposed. 

(2)  The  training-walls  or  T  heads  are  to  be  raised  above  the 
water  surface. 

(3)  The  dam  or  mattress-sill  is  to  be  raised  by  laying  other 
mattresses  superimpijsed,  until  the  cross-section  of  this  pass  is  made 
about  12,000  square  feet  less  than  it  was  after  the  original  sill  had 
been  laid. 
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The  design  and  cons  traction  of  these  works  were  left  entirely 
to  Capt.  EadSi  with  the  sole  limitation  that  the  minimum  width 
between  the  jetties  "  shall  not  be  less  than  700  feet.  He  was  to  be 
paid  on  the  attainment  of  certain  results/'  the  test  of  permanent 
completion  being  the  creation  and  maintenance  for  20  years  of  a 
channel  30  feet  deep  and  350  feet  wide. 

At  that  date,  at  East  Pointy  where  the  width  was  increased  to 
850  feet,  to  the  crest  of  the  bar  2^  miles  distant,  the  depth  grad- 
ually diminished  to  about  9  feet  (average  flood-tide).  The  results 
produced  by  the  works  aregiren  as  follows :  A  depth  of  24  feet,  with 
a  channel  width  of  300  feet,  extended  down  to  within  2000  feet  of 
the  jetty  ends,  and  the  same  depth  with  a  channel  width  of  200 
feet  almost  to  the  very  ends  ;  thence  to  the  same  depth  outside  was 
a  distance  of  but  60  feet,  with  a  navigable  channel  of  23  feet  inter- 
vening. The  25-foot  channel  is  not  materially  different  from  the 
24-foot  one,  the  intervening  navigable  channel  over  the  bar  being 
greater — about  160  feet. 

The  26-foot  channel  had  a  width  of  from  100  to  150  feet,  and 
in  the  widest  parts  from  350  te  700  feet. 

The  depth  of  27  feet  is  found  at  various  points  in  the  channel 
down  to  very  near  the  jetty  ends. 

Marked  and  progressive  improvement  in  depth  and  width  was 
noticeable  as  compared  with  the  condition  found  the  preceding 
year,  the  depths  having  increased  from  2  to  10  feet. 

The  works  at  the  head  of  the  passes  had  resulted  in  an  increased 
depth  of  from  7  to  8  feet,  changing  the  depths  from  14  or  15  to  22 
feet  over  the  shoal. 

These  were  accompanied  by  rectification  and  widening  of  areas 
of  lesser  navigable  depths. 

Between  the  training-walls  a  more  equal  diffusion  of  the  cur- 
rent over  the  intervening  space  had  occurred. 

These  results  were  obtained  in  less  than  four  years  from  the 
commencement  of  the  work,  with  jetties  and  dams  not  fully  con- 
solidated, permitting  considerable  lateral  leakage,  and  owing  to  set- 
tling of  the  jetties  their  tops  were  under  water  over  considerable 
portions  of  their  length,  allowing  a  great  amount  of  overflow.  This 
waste-water  was  estimated  at  25  per  cent  of  the  entire  volume. 

**  The  actual  results,  therefore,  so  far  as  we  know  them,  do  not 
jnstify  the  predictions  of  accelerated  bar  advance;  on  the  contrary, 
they  show  a  disappearance  of  bar  material  from  the  point  of  the 
jetties.'' 
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1072.  Waye  or  storm  action  of  the  sea,  and  destruction  of  the 
willow  mattresses  by  the  teredo,  are  the  main  considerations  affect- 
ing the  permanency  of  jetties. 

Only  about  1500  feet  of  the  sea  end  of  these  jetties  are  liable  to 
injury  or  destruction  from  winds  and  waves.  Even  on  the  sea  end 
the  effect  of  these  forces  had  been  mainly  superficial,  the  upper 
courses  of  mattresses  and  stone,  mostly  small,  having  been  re- 
peatedly washed  off  and  scattered,  and  requiring  the  placing  of  ad- 
ditional mattresses  ballasted  with  stone.  This  will  stop  when  the 
jetties  are  finally  capped  with  concrete  and  the  slopes  protected  by 
the  cribs  of  palmetto  logs,  referred  to  already. 

The  teredo  only  eats  the  exposed  ends  of  timber  and  brush,  as 
they  do  not  attack  timber  where  the  free  access  of  sea-water  is  im- 
peded. Those  portions  imbedded  in  sand  or  mud,  or  which  are 
packed  around  with  these  materials,  are  free  from  their  attack; 
and  there  is  no  evidence  of  the  teredo  penetrating  into  the  interior 
of  the  mattresses. 

1073.  In  1889  Mr.  Wisner  published  an  article  in  the  Railroad 
Gazette,  from  which  the  following  facts  and  illustrations  are  taken: 

As  previously  stated,  the  sediment  discharged  by  the  river  was 
deposited  behind  and  outside  of  the  jetties;  this  effect  has  con- 
tinued so  far  as  the  west  jetty  is  concerned,  and  the  shore-line  has 
advanced  to  within  less  than  600  feet  from  the  sea  end  of  the  jetty, 
this  being  on  the  opposite  side  of  the  jetty  channel  from  the  direc- 
tion of  approach  of  the  littoral  currents. 

On  the  east  of  the  east  jetty  the  original  shore-line  was  about 
5400  feet  from  the  end  of  the  jetty  as  it  now  stands.  As  the  work 
advanced  this  shore  also  advanced  seaward  over  2000  feet;  but 
after  the  completion  of  the  jetties  beyond  the  bar  the  volume  of 
the  sediment  was  discharged  into  deep  water  of  the  Gulf,  and  was 
fiwept  by  the  littoral  currents  to  the  westward,  and  deposition  aid 
shoaling  east  of  the  east  jetty  ceased.  Erosion  then  commenced  and 
is  still  going  on,  until  the  shore-line  has  receded  to  a  line  7400  feet 
from  the  end  of  the  east  jetty,  or  2000  feet  back  of  the  original 
shore-line.  The  depth  of  the  water  varies  from  8  to  12  feet,  and 
as  nearly  all  storms  come  from  the  east,  this  portion  of  the  struc- 
ture is  subjected  to  very  heavy  shock  from  wave-action.  On  the 
outer  5400  feet  of  this  jetty  a  concrete  sea-wall  was  built  in  1879-80. 
The  inner  4000  feet  of  this  wall  had  a  base  4  feet  4i  inches  thick 
and  3  feet  3^  inches  high,  and  carried  a  rubble  parapet-wall  3  feet 
thick  and  2i  feet  high.    (See  Fig.  394  (a).)    The  outer  1400  feet  of 
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wall  waa  from  6  to  12  feel  wide  or  thick,  and  was  aurmonnted  by  a 

parapet-wall  4  feet  thick  and  3}  to  4  feet  high.     By  a  aiiGceesion 

of  stormfi  between  ISSO  and  1889,  the  inner  dOOO  feet  of  thia  wall 

had  been  totally  wrecked,  and  about  300 

feet  of  the  jetty  swept  away  to  the  depth 

of  10  feet  below  water-level.     The  wider 

blocke  of  the  onter  portion  of  the  wall 

had  remained  in  place,  bnt  the  larger 

portion  of  the  parapet-wall   had  been 

broken  up. 

It  waa  evident  that  a  wall  with  a  ^"^  ^* 

vertical  face  hnilt  on  a  pliable  foundation  was  inadequate  to  with- 
etand  the  shock  of  the  waves.  It  was  then  determined  to  use  con- 
crete blocks  presenting  a  eloping  surface  towards  the  exposed  side, 
thereby  presenting  a  minimum  surface  to  the  wave-action.  (See 
Fig.  394  (S).) 

The  foundation  for  this  wall  was  then  built  upon  the  old  jetty, 
either  -by  laying  looae  rock  where  the  depth  of  water  waa  not  great, 
and  where  it  was,  layera  of  mattresses  and  stone.  (See  Fig. 
395  (5).) 

The  lengths  of  the  concrete  blocks  are  from  50  to  100  feet,  the 
breaks  being  made  where  foundations  changed  from  stone  to  mat- 
tresa-work.  The  only  bottom  used  for  the  moulds  was  bnrlap  cloth 
fastened  loosely  across  the  bottom;  this,  while  preventing  washing 
out  the  cement,  allowed  the  concrete  to  conform  to  the  inequalities 
of  the  base  upon  which  it  rests.  Divisions  between  the  blocks  were 
made  by  timber  partitions  of  inch  plank  in  order  to  take  up  the  ex- 
pansion of  the  blocks  from  changes  of  temperature.  The  con- 
crete is  carried  direct  from  the  mixer  alongside  and  deposited  in 
the  moulds.  The  old  concrete  blocks  having  slid  downward,  form 
a  toe  for  the  riprap  of  the  new  wall,  and  prevent  undermining. 
(Figs.  395  and  395{&).) 

The  original  jetties  were  1000  feet  apart,  but  interior  jetties 
were  subsequently  built  150  feet  from  the  old  ones,  thus  narrowing 
the  ohanuel  to  the  minimnm  limit  of  700  feet  allowed  by  act  of 
Congress. 

These  interior  jetties  were  constructed  by  piling  brash  between 
rows  of  piles  and  paving  with  riprap. 

It  was  these  interior  jetties  that  saved  the  channel  when  the 
onter  jetty  gave  way.     (See  Fig.  395  {a}.) 

In  Fig.  395  ia  shovrn  a  view  of  a  portion  of  the  wrecked  jetty. 
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In  395  (a)  is  shown  a  portion  of  the  original  jetty,  with  the  inner 
line  of  jetty  under  conetTuction  jnst  emergiDg  above  water.  Thia 
inner  line  ie  150  feet  ineide  from  the  original  line. 

Fig  395  (S)  ahoWH  a  portion  of  the  completed  jetty,  with  con- 
crete coping,  which  was  built  on  the  wrecked  portion  of  the  old 
jetty. 


From  the  report  of  the  Chief  of  Engineers,  U.  S.  Army,  for  the 
year  1S02  the  following  notes  are  taken: 

1074.  East  Jetlij. — The  concrete  wall  on  thiu  jetty  remained  in 
fair  condition  during  the  year,  the  average  subsidence  being  tfr  ^ 
a  foot;  total  since  1889,  4a  foot. 
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Wesi  Jetty. — This  jetty  is  completely  buried;  the  concrete  wall 
is  entirely  out  of  sight,  covered  by  sand  and  mud  in  which  the  marsh- 
grass  is  growing.  This  jetty  is  secure  for  all  time,  and  will  con- 
sequently require  no  more  work  upon  it. 

A  few  new  wing-dams  were  constructed  during  the  year  in  the 
usual  manner.  Two  or  three  rows  of  piles  are  driven — generally 
two;  the  piles  in  each  row  are  connected  by  12  X  12  inch  timber 
bolted  to  them  about  7  feet  above  the  water,  and  to  these  are  bolted 
12  X  12  inch  transverse  timbers  to  prevent  the  rows  spreading 
when  willows  are  forced  between  them.  Between  the  rows  of  pilea 
willows  loaded  with  stone  or  earth  are  placed. 

During  this  period  the  depth  from  the  main  river  into  South 
Pass  has  not  been  less  than  29  feet,  and  at  all  times  there  has  been 
a  Very  wide  26-foot  channel.  The  depth  at  the  time  of  the  report 
was  34.4  feet,  the  30-foot  channel  620  feet  wide  and  the  26-foot 
channel  880  feet  wide.    This  is  at  the  head  of  the  passes. 

The  required  depth  from  the  head  to  South  Pass  Lighthouse 
of  26  feet  over  a  width  of  not  less  than  200  feet,  was  maintained 
during  the  year. 

Channel  through  the  Jetties. — ^The  required  depth  of  26  feet  and 
width  not  less  than  200  feet,  and  having  throughout  its  length  a 
central  depth  of  30  feet  without  regard  to  width,  was  maintained 
by  the  aid  of  dredging,  except  for  about  thirty  days. 

T%e  Channel  beyond  the  Ends  of  the  Jetties. — ^The  26-foot 
channel  for  a  width  varying  from  110  to  630  feet  has  been  main- 
tained, with  a  central  channel  of  30  feet  deep  and  from  40  to  lOO 
feet  wide. 

The  channel  turning  to  the  eastward  beyond  the  end  of  the  east 
jetty  maintained  the  required  width  and  depth  during  the  year. 

The  shoal  area  east  of  the  east  jetty  is  gradually  but  slowly 
deepening,  and  the  land  formation  east  of  this  jetty  is  rapidly 
receding,  averaging  250  feet  daring  the  preceding  year. 

This  shows  what  has  been  accomplished  in  a  comparatively 
short  period  by  a  system  of  judiciously  located  and  constructed 
jetties. 

In  Fig.  3934^  is  shown  several  sections,  longitudinal  and  trans- 
verse; also  alignment  and  plan,  with  details. 

1075.  The  following  interesting  information  concerning  the 
Mississippi  River  is  given  by  Captain  Eads: 

(1)  Quantity  of  water  discharged  by  the  river  annually,  14,883,- 
360,636,880  cubic  feet. 
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(2)  Quantity  of  sediment  discharged  annually  28,188,083,892 
cubic  feet. 

(3)  Area  of  the  delta  of  the  river,  13,000  square  miles. 

(4)  Depth  of  the  delta  of  the  river,  105C  feet. 

(5)  The  delta  therefore  contains  400,378,429,440,000  cubic  feet, 
or  2720  cubic  miles, 

(6)  It  would  require  for  the  formation  of  one  cubic  mile  of 
delta  five  years  and  eighty-one  days; 

(7)  For  the  formation  of  one  square  mile  of  the  depth  of  1056 
feet,  one  year  and  sixteen  and  a  half  days; 

(8)  For  the  formation  of  the  delta,  14,268|  years. 

(9)  The  valley  of  the  Mississippi  from  Cape  Girardeau  to  the 
delta  is  estimated  to  contain  16,000  square  miles  of  150  feet  depth. 
It  therefore  contains  66,980,160,600,000  cubic  feet,  or  4544  cubic 
miles. 

IMPROVEMENTS   OF   CHARLESTON   HARBOR. 

1076.  In  the  improvements  at  the  mouth  of  the  Mississippi 
and  Brazos  rivers  the  solution  of  the  problem  consisted  in  the 
construction  of  high  jetties  and  forcing  the  flood  discharge  of  the 
river  through  a  narrow  channel  confined  by  parallel  jetties,  the  large 
.quantities  of  sediment  held  in  suspension  by  the  water  and  removed 
from  the  channel  between  jetties  by  the  scouring  action  of  the  cur- 
rent being  carried  by  the  current  well  beyond  the  ends  of  the  jetties, 
and  there  swept  from  the  immediate  front  of  the  jetty  channel  and 
deposited  westward,  resulting  in  a  shoaling  outside  of  the  west  jetty, 
strengthening  this  jetty,  and  ultimately  forming  of  itself  a  natural 
and  permanent  jetty  over  and  outside  of  the  artificial  one.  In  both 
of  these  cases  the  rivers  debouch  directly  into  the  Gulf,  having 
only  a  small  rise  of  tide — about  14  inches,  and  no  tidal  basin  which 
could  be  arranged  to  store  and  let  loose  a  large  tidal  discharge  at 
the  proper  time,  so  as  to  materially  aid  in,  if  not  of  itself,  scouring 
a  channel  through  the  bar,  and  in  addition  strong  littoral  currents 
capable  of  preventing  the  formation  of  a  new  bar  beyond  the  ends 
of  the  jetties. 

The  problems  presented  at  the  sea  entrance  of  Charleston  harbor 
were  therefore  different  in  many  respects.  Here  we  have  a  large 
tidal  basin  containing  about  fifteen  square  miles  of  surface,  hann«f 
a  few  short  tributary  streams.  Hence  the  production  and  mainte- 
nance of  a  deep-water  channel  through  the  bar  at  the  mouth  of  the 
liarbor  must  be  caused  mainly  by  the  scouring  action  of  the  ebb- 
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tide  flow  from  the  basin,  aided  by  the  water  deriyed  from  land 
drainage  during  the  ebb  flow  of  the  tide, 

1077.  The  following  description  of  the  conditions  existing  and 
the  methods  and  constructions  adopted  to  make  a  channel  to  the 
sea  is  taken  from  the  report  of  General  Q.  A.  Gillmore,  U.  S.  Army, 
and  published  in  September  number  of  Van  No^straiKTs  Magazine 
in  the  year  1878.  A  general  view  of  the  harbor  and  alignment  of 
the  proposed  jetties  is  seen  in  Fig.  396,  to  which  reference  is  made 
in  the  following  description  and  discussion: 

The  bar,  which  stretches  bow-shaped  across  the  entrance  into 
Charleston  harbor  from  Sullivan^s  Island  on  the  north  to  Folly 
Island  on  the  south  side,  has  existed  practically  as  found  at  the 
time  of  this  report  from  the  earliest  records  on  the  subject.  Meas- 
ured along  its  crest  or  line  of  least  depths,  the  bar  is  10  miles  long. 
At  its  north  end  it  is  close  up  to  the  entrance  or  throat  of  the  har- 
bor, while  its  south  end  is  6  miles  distant  therefrom.  Its  average 
width  between  the  18-foot  curves  is  about  IJ  miles.  In  some  por- 
tions of  its  length  the  average  depth  of  water  along  the  crest  is 
only  3  or  4  feet,  but  greater  at  other  portions. 

South  of  the  main  entrance  its  direction  is  parallel  to  the  shore, 
and  at  a  mean  distance  of  two  miles  from  it,  and  had  never  been 
traversed  by  practicable  ship-channels.  There  never  has  been,  how- 
ever, less  than  four  nor. more  than  six  channels  across  the  bar  at 
any  one  time.  The  greatest  depth  of  water,  which  w&s  rarely  less 
than  11^  or  more  than  13^  feet  at  mean  low  tide,  was  found  some- 
times in  one  channel  and  sometimes  in  another. 

The  northern  and  southern  extremities  of  the  bar  are  formed  by 
rather  sharp  curves,  which  connect  the  straight  portion  with  the 
shore  above  and  below  the  harbor. 

These  channels  were  always  grouped  two  and  two  or  three  and 
three  near  the  extremities  of  the  bar  in  the  curved  portions,  leaving 
a  straight,  deep,  and  broad  anchorage  abreast  of  Morris  Island. 
This  anchorage,  called  the  main  channel  or  outer  harbor,  had  an 
average  width  from  one  third  to  two  thirds  of  a  mile  between  the 
18-foot  curves,  and  in  maximum  low-water  depths  from  20  to  45 
feet.  The  direction  of  its  central  line  is  about  north  and  south,  and 
its  length  from  the  throat  of  the  harbor  between  Morris  and  Sulli- 
van's Islands  to  its  southern  terminus,  where  it  spreads  out  in  vari- 
ous channels  and  shoals  in  crossing  the  bar,  is  fully  five  miles.  At 
the  two  extremities  of  this  anchorage  are  found  the  two  groups  of 
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'Channels,  already  mentioned,  across  the  bar,  the  northern  group 
being  directly  in  front  of  the  gorge  of  the  harbor. 

The  bar  is  essentially  a  drift-and-wave  bar,  produced  in  part  by 
the  upheaving  action  of  the  waves  when  they  approach  the  shore, 
which  are  converted  by  breaking  into  waves  of  translation,  and  in 
part  by  drift  material  carried  along  the  coast  by  surf  currents,  es- 
pecially those  produced  by  northeast  storms.  The  materials  com- 
posing the  surface  of  the  bar  are  shells  or  silicious  sand,  or  a 
mixture  of  the  two;  it  is  easily  thrown  into  suspension  by  waves, 
and  is  moved  by  a  moderate  current.  Borings  indicated  some  lay- 
ers or  lumps  of  mud,  as  well  as  mud  mixed  with  sand  or  shells. 
All  save  one  of  the  channels  are  ebb-tide  channels,  produced  and 
maintained  mainly  by  the  scour  of  the  ebb  current.  One  of  them, 
the  most  northerly  of  the  channels,  which  lies  close  to  Sullivan's 
Island,  is  evidently  a  flood-tide  channel,  the  characteristics  of  which 
are:  (1)  that  the  least  depths  are  always  found  near  their  inner 
ends,  and  therefore  in  comparatively  quiet  water ;  (2)  from  the 
cross-section  of  sboalest  soundings  inward  toward  the  harbor  the 
descent  into  deep  water  is  sharp  and  sudden,  while  outward,  toward 
the  ocean,  it  is  gradual  and  gentle;  (3)  the  ebb  flow  through  the 
same  channel  is  but  little  over  one  half  of  the  flood  flow,  the  volume 
of  flow  being  diverted  in  the  tidal  basin,  and  a  large  portion  of  it 
finding  an  outlet  at  some  other  point. 

1078.  Capacity  of  the  Tidal  Basin. — The  area,  15  square 
miles,  of  this  tidal  basin  is  assumed  to  be  filled,  during  each  mean 
fiood-tide,  by  a  volume  or  layer  of  wa|;er  5.1  feet  in  height  above  the 
mean  low-water  level.  In  addition,  the  adjacent  tributary  reaches 
will  be  filled  by  a  wedge-shaped  mass  resting  on  the  sloping  low- 
water  line  of  the  tributary,  and  extending  up  to  a  point  where  the 
influence  of  the  tidal  wave  ceases  to  produce  a  rise  and  fall  of  the 
surface  of  the  water. 

The  total  volume  of  outflow  during  each  ebb-tide  will  be  meas- 
ured by  the  volume  contained  in  these  tidal  prisms,  augmented  by 
the  volume  derived  from  land  drainage  during  the  period  of  ebb 
flow.  Upon  data  of  this  kind  the  computed  discharge  through  the 
throat  of  the  harbor  on  each  ebb  during  the  period  of  mean  rise  and 
fall  of  tides  was  3,655,443,686  cubic  feet;  of  this  volume  only  about 
76,571,000  cubic  feet  is  supplied  by  the  land  drainage,  on  the 
assumption  that  one  half  the  rainfall  reaches  the  sea.  For  two  or 
three  days  during  the  period  of  spring-tides  the  average  ebb  dis- 
charge will  be  about  4,228,846^000  cubic  feet.    The  neap  discharges 
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being  in  smaller  yolumes  than  tfaose  pertaining  to  mean  tideSyeven 
if  slight  shoaling  ensued  during  this  period,  the  mean  and  spring 
tidal  flow  would  restore  the  original  depths  of  channel. 

The  mean  duration  of  the  ebb  flow  is  taken  at  6  hours,  the  long* 
est  flow  being  6  hours  20  minutes,  and  the  shortest  5  hours  25 
minutes. 

The  average  ebb  discharge  per  second  through  the  gorge  of  the 
harbor,  during  the  period  of  mean  rise  and  fall  of  the  tides,  is 

therefore    '    ^  '    -^^ —  =  169,233  cubic  feet,  and  during  the  spring- 

tides  195,780  cubic  feet,  the  average  rise  and  fall  at  ordinary  spring- 
tides being  5.9  feet.  During  very  high  spring-tides  the  discbarge 
will  be  much  greater.  With  a  rise  of  10.3  feet  the  prism  amounted 
to  341,780  cubic  feet  per  second,  or  7,382,562,000  cubic  feet  per 
tide;  and  in  addition,  owing  to  the  flooding  of  the  marshes  over  an 
area  of  8  square  miles,  the  actual  capacity  of  the  tidal  basin  is  in- 
creased. Every  3  inches  of  rise  over  them  will  add  2590  cubic 
feet  per  second  to  the  average  discharge.  The  above  amounts  of 
discharge  have  been  determined  from  the  cubical  capacity  of  the 
tidal  basin  and  the  rainfall  upon  the  drainage  area,  and  not  by 
gauging  the  flow  through  the  gorge  of  the  harbor  by  means  of  cur- 
rent velocities.  It  is  well  known  that  surface  velocities  are  no  in- 
dication of  those  at  depths  below,  and  the  difficulty  in  determining 
these,  especially  close  to  the  bed,  is  very  great.  (In  fresh-water 
rivers  flowing  directly  into  the  Gulf,  salt-water  currents  up-stream 
often  exist  where  the  surface  purrent  is  flowing  seaward.)  In  tidal 
harbors  it  has  been  observed  that,  while  during  flood-tides  the  sur- 
face velocity  is  1.8  miles  per  hour,  undercurrents  at  considerable 
depths  were  not  less  than  4  miles  per  hour,  and  similarly  during 
ebb-tides. 

1079.  General  Gillmore  lays  down  three  important  conditions 
that  must  be  fulfilled  in  order  that  the  success  of  a  work,  where  the 
facts  are  as  above  stated,  may  be  assured : 

(1)  They  (the  works)  should  not  impede  the  inflow  to  such  de- 
gree as  to  prevent  the  tidal  basin  being  filled,  as  now,  at  every  influx 
of  the  tidal  wave. 

(2)  They  should  control  the  outflow  to  such  degree  and  in  such 
manner  that  a  channel  of  .the  required  depth  will  be  maintained 
through  the  bar. 

(3)  They  should  not  to  any  considerable  extent  cause  a  movement 
seaward  of  the  main  body  of  the  bar;  that  is,  the  general  positioa 
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of  the  bar  should  be  independent  of  the  effects  prodnced  between 
and  beyond  the  heads  of  the  jetties. 

The  general  plan  of  improvement  recommended  consists  in 
constructing  two  lines  of  low  jetties  (see  Fig.  396),  the  one  spring- 
ing from  Morris  Island  and  the  other  from  Snllivaii's  Island,  and 
converging  towards  each  other  in  such  manner  that  their  outer 
ends  on  the  crest  of  the  bar  shall  be  one  half  to  five  eighths  of  a  mile 
apart,  the  opening  between  these  ends  approximately  enclosing 
that  one  of  the  northern  channels  more  nearly  having  its  axis  in 
the  prolongation  of  the  axis  of  deep-water  flow  through  the  gorge 
of  the  harbor.  He  argued  that,  assuming  X,  y  as  the  positions  of 
the  sea  ends  of  the  jetties,  it  was  to  a  great  extent  immaterial 
whether  the  lines  of  the  jetties  were  straight,  presenting  their  con- 
cave sides  to  each  other,  or  finally  presenting  their  convex  sides  to 
each  other,  as  indicated  by  AX,  BY,  EX,  FY,  or  CX,  DY  respec- 
tively. He  considered  that  those  convex  to  each  other,  CXand  DY, 
would  better  fulfil  the  conditions  required  in  training-walls,  and 
therefore  on  the  whole  to  be  preferred. 

To  meet  the  first  requirement  or  condition,  namely,  allowing  a 
free  inflow  of  tide,  the  inner  half  of  each  jetty  should  be  kept  sev- 
eral feet  below  the  water,  and  built  on  a  curve  having  a  radius  of 
about  1^  miles  in  length.  The  outer  half,  nearly  parallel  to  the 
direction  of  flow,  is  straight,  and  built  higher;  the  sea  ends  for  a 
distance  of  several  hundred  feet  may  be  carried  up  to  high  water, 
or  above  it. 

To  meet  the  second  condition,  namely,  to  direct  and  concentrate 
the  ebb  flow,  although  a  portion  of  this  will  escape  over  the  top  of 
the  lower  jetties,  the  curved  outline  will  deflect  much  of  the  ebb 
flow  and  carry  it  directly  from  the  gorge  of  the  harbor  through  the 
opening  left  at  the  ends  of  the  jetties,  and  especially  with  the  last 
half  of  ebb  flow. 

He  also  considered  that  the  low  jetties  would  have  the  effect  of 
keeping*  the  main  body  of  the  bar  in  its  then  position,  though  it 
might  be  raised  higher  north  and  south  of  the  ends  of  the  jetty; 
while  the  effect  of  high  jetties  would  be  to  advance  the  gorge  of 
the  harbor  to  the  sea  ends  of  the  jetties  two  and  one  half  miles 
distant,  and  move  the  shore-line  to  the  same  point  by  the  filling  in 
behind  and  outside  of  the  jetties,  and  a  drift  and  wave  bar  would 
be  formed  to  the  seaward  of  the  present  bar,  in  front  of  the  jetties, 
necessitating  an  extension  of  the  jetties  to  keep  the  channel  open. 
With  the  inner  half  of  the  jetties  below  water  surface,  a  portion 
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of  drift  material  might  be  carried  over  those  portion  of  the  jetties 
and  deposited  in  deep  water  of  the  main  channel:  this  would  be 
taken  up  by  the  ebb  flow  and  rolled  out  through  the  jetty  channel, 
and  there  taken  up  by  the  littoral  currents  and  carried  southward 
with  a  velocity  accelerated  by  the  storm,  and  finally  deposited  where 
it  could  do  no  harm. 

The  length  of  the  north  jetty  was  to  be  7450  feet  long,  inner 
half  curved  with  a  radius  of  1^  miles,  the  outer  half  straight; 
The  length  of  the  south  jetty  11,650  feet,  the  shore  end  curved 
with  a  radius  of  3  miles  for  over  one  half  the  total  length,  the  re- 
maining portion  nearly  straight. 

For  fully  one  fourth  of  their  lengths  the  sea  ends  will  be  built 
above  the  level  of  high  water. 

1080.  Probable  Effect  produced  by  the  Jetties. — The  following 
computations  are  given  only  as  an  illustration  of  the  use  of  formuhe 
and  methods  of  calculation. 

All  of  the  formulas  for  flow  of  water  in  open  channels  have  the 
following  general  form : 

V=  C  VK 

F=  velocity  in  feet  per  second ;  r=  mean  hydraulic  radius; 
i  =  slope,  or  ratio  of  horizontal  length  to  vertical  descent ;  C  = 
constant,  which  varies  with  the  character  of- the  bed  of  the  channel 
and  its  condition  as  to  roughness  or  smoothness. 

In  paragraph  1059  the  method  of  determining  C  for  a  particular 
case  was  shown,  and  in  table,  page  112,  are  given  various  values  as 
determined  by  experiment  for  use  in  Kutter's  formula.  As  the 
application  of  the  formula  is  now  the  principal  object  in  view, 
without  reference  to  the  relative  merits  of  the  several  formulae, 
we  will  take  G  =  100.  The  formula  n  then  known  as  that  of 
D'Aubuisson-Downing,  and  F=  100  Vri. 

We  now  desire  to  find  the  slope  i\  assuming  the  following  data. 
Referring  to  Fig.  396,  the  sectional  areas  of  the  gorge  ^between 
Morris  and  Sullivan's  Islands,  as  determined  by  ordinary  methods 
are  : 

Area  of  low-water    section,        159,550  square  feet. 

"     high-water      «  195,350       «        « 

Mean  of  mean  ebb-tide  section,    176,600       **        '* 

The  width  of  the  surface  at  half-tide,  corresponding  to  mean 
ebb-tide  area,  was  6825  feet,  and  the  wetted  perimeter  6927 
feet. 
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The  hydraulic  mean  radius  r  =       '        =  25.49  feet; 

J    X  1  i.  159,550       „„  ^^    ,, 

and  at  mean  low  water  r  =    .  '^    =  23.29    " 

0,oDl 

The  area  enclosed  between  the  gorge  line,  the  jetty  lines,  and 
the  gap  or  opening  between  the  ends  of  the  jetties  is  2. 16 -[-square 
miles.  Assuming  this  area  to  be  covered  to  a  depth  of  5.1  feet  in 
flood-tide,  the  prism  of  water  contained  would  be,  at  each  tide, 

307,108,434  cubic  feet,  and  the  discharge  per  second  — ^^'     -  = 

14,218  cubic  feet;  and  the  low-water  discharge  through  the  gorge 
has  been  found  to  be  169,233  cubic  feet  per  second;  giving  a  total 
discharge  over  the  jetties  and  through  the  opening  at  the  ends  of 
183,451  cubic  feet  per  second. 

The  following  were  the  existing  sectional  areas  along  the  lines 
of  the  proposed  jetties  and  across  the  gap  or  opening  between  their 
ends: 

Low- water,  sq.  ft.  Mean  half -tide,  sq.  ft. 
Along  line  of  north  jetty,         59,900  78,880 

"        "     "  south  171,720  201,365 

"        "     "  gap,  22,840  29,572 

Total,     254,460  309,817 

The  formula  Q  =  VA  gives  the  relation  between  the  amount 
of  discharge  Q,  the  velocity  F,  and  the  sectional  area  A;  hence 

^      A' 

The  mean  velocity  of  flow  through  the  gorge  of  the  harbor  is 
V  =  mm  =  0.958  feet  per  second. 

The  mean  of  the  velocities  of  flow  over  the  lines  and  across  the 
ends  or  gap  of  the  proposed  jetties  is 

F=  l^tl]  =  0.59212  feet  per  second. 

The  wetted  perimeter  along  these  respective  lines  are: 

Along  line  of  north  jetty,  7,450  +  124.3  =    7,574.3  feet. 

'^         ''      **  south     "  11,650  + 175  =  11,825 

Along  gaps  at  ends  of  jetty  (i  mile  wide)  2640  +  79.7  =    2,679.7 


(4 


Total  wetted  perimeter  =  22,079 


it 
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The  hydraulic  mean  depth  of  the  aggregate  section  is  r  = 
,^^Q  =  14.0322  feet.    Substituting  values  of  V  and  r  in  V  = 

^<^  '^'''  »■  =  iOOOih-  =  10000X^14^322'  '••  »  =  0-000002498. which 
gives  the  surface  slope  over  the  lines  of  jetties  and  gap^  assuming 
it  to  be  the  same  throughout  the  entire  section. 

The  total  discharge  over  these  lines  is  183,451  cubic  feeU 
Having  the  areas  of  the  several  divisions  and  the  wetted  perimeters, 
we  can  find  the  respective  hydraulic  mean  radii  as  follows: 

Over  line  of  north  jetty,    ^i^rr-^  '=  10.41  feet  =  r; 

tot  4*«5 

"    «    "south  "       nS^^' "^  "'^"•^^   "  ^^'' 

29572 
^^P'  2679.7  ~  ^^•"'^  "^  ' 

Then  substituting  the  common  value  of  the  slope  i  and  the 

values  of  r,  r',  and  r"  in  F  =  100  Vi-i,  we  find  the  corresponding 
mean  velocities  V  over  the  several  divisions,  namely : 

Over  line  of  north  jetty,  V  =  100  i/l0.41x  0.000002498  =  0.51  fooL 
"       "     "  south     ''      V=  100  4/17.03x0.000002498  =  0.653  '* 


"      ''     "  gap,  V  =  100  Vl  1.03  X  0.000002498  =  0.525  " 

Having  then  the  mean  velocities  of  flow  and  the  areas  of  the 
three  divisions,  we  find  the  respective  amounts  of  discharge  through 
them  by  substituting  in  Q  =  VA, 

Overlineof  north  jetty,  $=   .78,880x0.51    =    40,229  cubic  feet. 
"      "     "  south     "       Q==  201,365  X  0.653  =  131,481      "      " 
"      "     "  gap,  Q  =    29,572  X  0.525  =    15,525      "      " 

Total  discharge,  187,235      "     " 

This,  however,  owing  to  slight  inaccuracy  in  the  value  of  T\ 
exceeds  the  actual  estimated  discharge,  183,451  cubic  feet.  A  slight 
reduction  in  the  velocities  will  give,  respectively,  39,418  +  12S,80o 
+  15,227  =  183,451. 

The  several  quantities  will  represent  the  then  distribution  of  the 
outflow  per  second  through  the  section  selected  for  the  sites  of  the 
jetties  and  the  opening  between  them  at  the  narrowest  point 
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The  change  of  regimen  which  the  jetties  will  tend  to  produce^ 
and  the  area  of  the  waterway  which,  once  established,  they  would 
be  expected  to  maintain  between  and  beyond  the  sea  ends  of  the 
jetties,  will  now  be  considered. 

On  the  proposed  plan  only  the  tops  of  the  inner  half  of  each 
jetty  being  submerged,  and  the  depth  below  the  surface  as  fixed 
upon,  the  area  of  the  half-tide  waterway  over  north  jetty  is  rciduced 
from  78,880  to  41,593  square  feet,  and  wetted  perimeter  to  5480 
feet,  and  consequently  the  hydraulic  mean  radius  becomes  V4W  = 
7.59  feet;  and  that  of  the  south  jetty  from  201,365  square  feet  to 
94,684  square  feet,  and  wetted  perimeter  to  8791.4  feet,  consequently 
new  hydraulic  radius  to  10.77  feet. 

It  is  assumed  that  the  tops  of  the  submerged  portions  of  the 
jetties  will  not  be  disturbed  by  waves  or  current,  hence  the  above 
hydraulic  radii  will  be  permanent.  Erosion  and  scour  will,  how- 
ever, take  place  in  the  jetty  channel.  The  original  sectional  areas 
of  waterway  were:  at  half-tide,  29,572  square  feet;  and  at  mean 
low  tide,  22,840  square  feet.  When  the  equilibrium  of  flow  is 
restored  by  scour,  aided  by  dredging  where  clay-beds  are  encoun- 
tered, the  original  general  average  slope,  i  =  0.000002498,  will  be 
also  restored ;  and  the  aggregate  average  discharge  per  second  will 
be  the  same  as  before  the  construction  of  the  jetties.  Under  these 
conditions  the  average  discharge  over  the  waterway  of  north  jetty 
is  found  as  before,  and  reduces  to — 

Over  north  jetty 18,113  cubic  feet. 

"     south    "    49,113     «        " 


Or  total  over  jetties 67,223 


«  (4 


The  remaining  amount  of  discharge,  183,451—  67,223  =  116,228 
cubic  feet  per  second,  will  flow  out  through  the  jetty  channel,  where 
at  first  the  sectional  area  is  29,572  square  feet,  and  mean  discharge 
15,227   cubic    feet    per    second;    and  substituting  value  of  i  = 

0.000002498  in  F=  100  Vr?,  it  becomes  F=  0.15807  X  i^r. 

As  yet  r  is  unknown.  The  width  at  jetty  end  is  one-half  mile 
=  2640  feet.     The  estimated  wetted  perimeter,  by  Gen.  Abbot's 

rule,  will  be  2640  X  1015  =  2680  feet.    Hence  r  =  5^,  substitute 

ins  V  =  0.15807-;^^. 
^  V2680 
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-  ■  » 

The  calculated  average  discharge  is  116,228  cubic  feet;  hence 

116,228  -AV  -Ax  VAX  ^']^^^  reducing 

V2680 


-V 


(116228)'  X  2680 

(015807? —  ^  113,160  square  feet 

Hence  mean  hydraulic  radius  r  =  ^^^  =  42.22  feet  at  mean  half- 
tide,  or  39.71  at  mean  low  water. 

By  comparison  of  other  conditions  of  discharge  through  chan- 
nels in  the  same  harbor,  with  corresponding  surface  widths,  sec- 
tional areas,  discharges,  and  hydraulic  radii,  with  the  aboTC  deter- 
mined discharge  through  jetty  channel,  area  of  waterway,  width, 
and  hydraulic  radius,  we  may  predict  that  there  will  exist,  after 
completion  of  the  jetties,  a  channel  having  24  feet  of  depth  over  a 
large  portion  of  the  gap,  with  depths  of  75  feet  or  more  in  mid- 
channel,  and  that  these  depths  will  be  maintained. 

The  average  velocity,  from  which  the  general  average  slope  (i)  is 
derived,  is  of  course  less  than  the  velocity  that  will  prevail  in  the 
deep-channel  compartments  of  the  profile,  since  with  unaltered 
slope  the  velocities  in  different  portions  of  the  profile  may  be  con- 
sidered to  vary  as  the  square  root  of  depths. 

The  grand  average  in  a  profile,  with  a  mean  hydraulic  radius 
of  25,46  feet,  is  0.958  feet  per  second;  in  the  50-feet  compartments 
the  average  velocity  would  be  1.33  feet  per  second;  while  during 
the  second  and  third  quarters  of  ebb  the  velocities  will  vary  between 
two  and  three  feet  per  second.  From  many  observations  near  Fort 
Sumter  the  bottom  velocities  will  generally  be  but  little  less. 

1081.  The  determination  of  the  effects  produced  to  the  sea- 
ward of  the  jetties  upon  the  outward  slope  of  the  bar,  by  so  large  a 
volume  of  outflow,  is  rendered  diflScult  and  uncertain  on  acconnt  of 
the  exact  form  and  degree  of  spread  that  will  occur.  For  the  pur- 
pose of  following  the  line  of  investigation,  assume  that  there  will 
be  a  spread  in  a  fan-shaped  form  through  an  angle  of  60  degrees. 
The  width  of  the  profile,  1^  miles  to  seaward,  through  which  the 
outflow  from  the  jetties  is  supposed  to  pass,  is  10,933  feet.  Then, 
adding  the  fan-shaped  water-prism  to  theoutfiow  at  the  ends 
of  the  jetties,  we  find  the  average  volume  passing  through  the 
outer  profile  to  be  128,916  cubic  feet  per  seeond.  The  hiUf-tide 
sectional  area  found  by  the  preceding  method  will  be  172,313 
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square  feet,  its  wetted  perimeter  11,097  feet,  its  hydraulic  radius 
at  mean  half  tide  =  15.52  feet,  and  at  mean  low  water  about  13 
feet,  which  implies  more  than  ample  mid-channel  depths  through 
the  outer  slope  of  the  bar  for  vessels  of  the  deepest  draught. 
These  depths  could  be  increased  by  a  moderate  extension  of  the 
jetties. 

If  the  gap  between  the  jetties  is  widened,  the  submerged  por- 
tion of  the  jetties  must  be  raised  to  a  greater  average  height,  thus 
diminishing  the  area  of  waterway  over  them,  in  order  that  a 
channel  of  the  same  mean  depths  in  the  seaward  profile  near  the 
outer  18-foot  curve  may  be  maintained. 

1082.  A  similar  calculation  of  the  hydraulic  elements  could  b& 
made  with  an  opening  of,  say,  |  mile  in  width  at  the  jetty  ends. 
The  calculation  shows  that  it  would  be  necessary  to  raise  sub- 
merged jetties  14  inches  in  order  to  maintain  the  same  hydraulic 
mean  depth  at  1^  miles  beyond  the  jetty  ends  as  for  the  half-mile^ 
width  of  gap.  The  hydraulic  mean  depth  at  the  jetty  ends  would 
be  4.45  feet  less  than  for  the  half-mile  gap. 

Under  both  suppositions  the  sea  ends  of  the  jetties  rise  to  high- 
water  level  for  a  length  of  1500  feet  on  the  north  jetty  and  200O 
feet  on  the  south  jetty. 

Substituting  r  =  39.71  in  F=  0.15807  Vr,  V=  0.93  foot  per 
second,  the  mean  average  ebb  velocity  through  the  gap. 

By  raising  the  submerged  portions  of  the  jetties  above  the  cal- 
culated heights,  greater  ebb  flow  and  velocities  would  be  established 
in  the  gap,  with  corresponding  increase  of  power  and  outward 
reach,  and  consequently  increased  depths  through  the  outer  slope 
of  the  bar.  But  this  would  give  no  greater  depths  in  the  gap^ 
assuming  the  scour  to  have  denuded  the  bed  of  clay,  by  carrying 
away  the  overlying  shell,  sand,  soft  mud,  and  mixtures  of  these. 

If  the  submerged  portions  of  the  jetties  be  raised,  the  overflow 
waterway  is  diminished.  The  volume  of  discharge  remaining  the 
same,  there  will  result  in  the  gap  a  banking  up  of  the  waters,  and 
consequent  increase  of  slope  and  of  velocity.  The  calculations,  on 
a  certain  total  waterway  area,  show  that  the  slope  will  be  increased 
from  t  =  0.000002498,  or  about  ^  inch  to  the  mile,  to  i  = 
O.OOO004963,  or  about  -f^  inch  per  mile,  and  the  mean  average 
velocity  from  0.93  foot  to  1.09  feet  per  second. 

The  above  computations  have  been  made  on  the  basis  of  outflow 
of  3,655,374,296  cubic  feet,  through  the  gorge  of  the  harbor,  on 
each  ordinary  ebb-tide. 
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By  an  exactly  eimilar  oalciilation  on  the  basis  of  4,634,000,000 
cubic  feet,  it  was  found  that  the  hydraulic  radius  in  the  gap  be- 
tween the  jetties  was  the  same  in  the  two  cases,  which  is  doc  to 
having  only  the  calculiited  slopes  and  mean  velocities  to  deal  with, 
and  tliiit  these  vary  with  the  volume  of  flow  throngh  the  same  sec- 
tion. Tlie  actual  slope  and  velocities  may  be  assumed  to  lie  be- 
tween those  found  for  the  two  cases,  and  therefore  to  correspond  to 
the  deduced  hydraulic  radius. 

'Die  above  ratlicr  theoretical  discussion  is  given  to  show  clearly 
the  lines  of  study  required  in  connection  with  the  problems  to  be 
solved,  where  it  is  desired  to  determine  approximately  the  lengths, 
directions,  and  proper  heights  of  different  portions  of  jetties,  and 
the  proper  width  of  opening  at  the  jetty  ends,  mainly  as  a  basis  of 
estimates  as  to  cost,  and  possible  or  probable  results.  The  veloci- 
ties should  be  determined  by  complete  and  accurate  observations, 
and  Oie  calculations  revised  before  their  practical  value  can  be  de- 
pended upon. 

Accurate  and  full  borings  are  also  essential  to  determine  the 
cliaiacter  of  the  material  desired  to  be  removed  before  the  effect 
of  the  current  in  scouring  a  channel  can  be  determined,  and  also  to 
estimate  the  probable  amount  of  dredging  necessary  to  establish  the 
required  depth  and  width  of  channel.  This  once  established,  the 
curren*  will  probably  be  capable  of  maintaining  the  channel. 

1089.  Design  and  Conatruclion  of  the  Jetties. — The  tope  of  the 
jetties  over  the  inner  half  of  their  lengths  are  at  varying  depths 
below  the  water  surface. 

Tlieiv  sea  ends,  for  a  length  of  3000  feet  on  the  north  jetty  and 
350(1  feet  on  the  south  jetty,  have  their  crests  at  the  level  of  balf 
flood  of  spring-tides,  or  3  feet  above  mean  low  water.  The  lengths 
probably  required  were,  respectively,  8480  feet  and  13,040. 

Tlie  construction  (see  Fig.  397)  coosists  essentially  of  a  platform 


of  round  logs  from  11  to  12  inches  in  diameter,  placed  and  held 
close  together  side  by  side,  at  right  angles  to  the  axis  of  the  jetty. 
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This  log  platform  was  overlaid  by  a  compact  layer  of  stout  brush 
to  a  depth  of  12  to  14  inches,  the  ends  projecting  4  feet  beyond  the 
«nds  of  the  logs.  As  much  brush  was  used  as  the  logs  would  bear 
up  and  float.  Upon  this  wooden  substructure  was  to  be  placed 
good  sound  stone  of  varying  sizes,  none  less  in  weight  than  30 
pounds,  to  a  depth  of  at  least  2  feet.  All  of  this  stone  was  placed 
within  the  limits  of  the  log  base,  none  being  placed  on  the  project- 
ing ends  of  the  brush.  The  greatest  bottom  width  of  platform  92 
feet,  the  least  33  feet,  and  varying  between  these  limits  according 
to  the  depth  of  the  water  and  height  of  the  jetty.  On  the  interior 
faces  of  the  jetties,  except  near  the  sea  ends,  the  side  slopes  are  1 
to  1^;  on  the  exterior  faces,  and  also  on  the  interior  faces  for  one- 
half  mile  from  the  sea  ends,  the  slopes  are  1  to  2. 

For  the  north  jetty  the  minimum  width  on  top  is  15  feet,  and 
increases  to  24  feet  in  width  on  the  outer  lengths  which  are  above 
low  water. 

The  south  jetty  had  a  minimum  width  on  top  of  12  feet,  and  in- 
creasing outwards  to  24  feet  for  the  higher  portions  of  the  jetties. 

The  greatest  pressure  per  square  foot  of  .base  did  not  exceed  one 
ton,  and  generally  less  than  one-half  ton.  No  settlement  was  there- 
fore apprehended. 

After  locating  and  sinking  the  bottom  mattress,  and  loading  it 
ivith  stone,  a  second  mattress  was  used,  resting  on  the  stone,  and 
additional  stone  placed  on  top,  the  thickness  of  the  whole  being  that 
required  to  bring  the  top  of  the  jetty  to  the  required  height,  the 
width  of  the  second  mattress  is  uniformly  less  by  32  feet  than  the 
bottom,  in  order  that  its  ends  might  be  entirely  covered  by  the 
loose  stone.  The  use  of  the  additional  mattresses  in  the  hearting 
reduced  the  cost,  without  otherwise  affecting  the  integrity  of  the 
Tvork,  this  costing  at  the  rate  of  $5  per  linear  foot,  or  11.66^  per 
cubic  yard;  whereas  the  cost  of  the  stone  was  from  $3  to  $4  per 
cubic  yard,  and  for  the  necessary  facing-stone  from  $5.50  to  $6  per 
cubic  yard.  The  total  estimated  cost  was  from  11,500,000  to 
:»1, 800,000. 

The  widths  top  and  bottom  of  jetties  were  fixed  so  as  to  allow 
ail  increase  of  height  if  it  should  be  found  necessary  in  order  to 
produce  the  desired  deptlis. 

So  far  as  the  destructive  effects  of  the  teredo  are  concerned,  it 
is  found  that  the  bottom  mattresses  are  soon  covered  with  sand, 
iirni  that  those  in  the  hearting  and  covered  with  stone  are  soon  pro- 
tected by  the  growth  and  cementing  effect  of  barnacles  and  other 
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shellfish  accretions,  resulting  in  a  dense  and  compact  mass.  Fig. 
396  (a)  gives  profiles  from  mean  soundings  at  different  dates. 
Fig.  396  {b)  shows  the  heights  of  the  jetties  with  respect  to  mean 
low  water  in  1892. 

VERTICAL  CROSS-SECTION. 

1084.  The  results  thus  far  attained  have  not  come  up  to  iLe 
expectations  of  the  engineers.  This  has  been  attributed  to  two 
main  causes:  (1)  Submerged  jetties  failed  to  accomplish  the  results 
intended;  and  (2)  the  distance  between  the  jetties  being  excessive^ 
the  scour  expected  and  predicted  never  occurred.  It  has  been 
necessary  to  maintain  a  channel  by  dredging.  Consequently  a 
change  has  been  decided  upon.  It  is  claimed  by  eminent  engi- 
neers that  the  theory  upon  which  submerged  jetties  are  based  is 
fallacious,  and  their  construction  is  practically  abandoned  by  its 
advocates,  after  many  costly  experiments.  It  is  but  just  to  Gen. 
Gillmore  (now  deceased)  to  say,  that  while  designing  the  Charleston 
jetties  he  admitted  it  to  be  an  experiment,  and  laid  his  plans  for 
raising  the  jetties  if  subsequent  events  should  render  it  necessary. 

The  great  width  between  the  jetties  was  intended  to  facilitate 
the  rapid  filling  of  the  tidal  basin  at  each  tide. 

The  amount  of  work  any  given  stream  is  capable  of  performing 
is  equal  to  the  volume  of  fiow  into  its  fall  in  a  unit  of  time;  there- 
fore to  increase  its  slope  is  to  increase  the  scouring  effects.  With  a 
wide  entrance  the  difference  in  level  per  tidal  fiow  must  alwap  be 
very  small.  The  width  between  the  jetties  should  therefore  be  as 
little  as  a  safe  entrance  will  allow.  Another  error  claimed  is  that 
the  scouring  effect  or  force  of  a  stream  increases  with  the  square  of 
the  velocity,  without  regard  to  the  depth.  In  a  shaUow,  steep  stream 
a  3-mile  current  may  cut  its  way  through  the  hardest  materials — 
even  some  rocks;  while  in  a  deep  river  a  curreint  of  the  same  velocity 
often  fails  to  disturb  the  lightest  silt. 

The  depths  near  shore  ends  of  jetties  have  been  increased  from 
1  to  2  feet,  and  beyond  ends  of  jetties  decreased  from  5  to  7  feet. 
The  outer  face  of  the  bar  has  been  pushed  seaward  over  a  mile;  a 
narrow  dredged  channel  about  20  feet  deep  has  been  cut  throogh 
the  bar  to  deep  water  outside  the  bar. 

The  amount  expended  to  date  is  (about) 12,427,000 

The  amount  under  contract 1,953,000 

Total  allowed  by  Congress $4,380,000 
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This  estimate  is  based  on  building  the  jetties  up  to  mean  low 
water,  and  will  be  $5,300,000  if  brought  throughout  their  lengths 
up  to  a  leTel  3  feet  above  mean 'low  water. 

A  hydraulic  dredge  has  been  used  since  1891.  The  dredge  is 
123.5  feet  long,  30  feet  beam,  and  12  feet  depth  of  hold.  The 
pumping  machinery  consists  of  a  230-H.P.  compound  engine, 
coupled  direct  by  a  shaft  to  a  centrifugal  pump,  with  a  144-inch 
suction  and  a  15-inch  discharge-pipe.  The  maximum  bin  capacity 
is  about  370  cubic  yards.    The  required  crew  is  16  men. 

The  contract  prices  for  stone,  which  was  a  hard  and  heavy 
granite,  varied  from  $2.25  to  $3.20  per  ton;  for  mattress-work, 
$1.25  per  square  yard;  and  for  dredging,  28  cents  per  cubic  yard. 
The  rock  is  taken  out  in  blocks  from  20  pounds  to  7  tons  weight. 
Total  cost  of  jetties,  $70.46  per  linear  foot.  The  cost  of  dredging 
by  Government  plant  was  only  11^  cents  per  cubic  yard. 

The  width  of  jetty  foundation  has  varied  from  40  to  206  feet, 
depending  on  the  depth  of  the  water.  As  many  as  three  courses 
of  mattress  have  been  used.  Up  to  June,  1892, 306,585  square  yards 
of  mattresses  and  212,301  cubic  yards  of  rock  (at  2600  pounds  per 
cubic  yard)  had  been  used  in  the  south  jetty.  On  the  north  jetty 
foundation  course,  from  40  to  118  feet  in  width,  composed  of  one  or 
two  courses  of  mattresses,  up  to  June  30th,  175,155  square  yards 
of  mattresses  and  159,369  cubic  yards  of  stone  had  been  used» 
(See  Figs.  396  (b)  and  (a).) 

1085.  Improvements  at  the  Mouth  of  the  Danube. — This  im- 
prouement  has  been  alluded  to  in  several  places,  and  it  will  only  be 
necessary  to  add  a  few  additional  statements. 

The  Danube  enters  the  Black  Sea  by  three  mouths.  The  Sulina 
month  was  selected  as  the  best  suited  for  improvement  on  account 
of  the  relatively  small  proportion  of  alluvial  matter  discharged 
through  it,  being  only  70,000  tons  out  of  a  total  of  900,000  tona 
every  24  hours. 

The  improvement  consisted  in  two  parallel  piers  or  jetties  of 
stone,  having  a  length  of  8000  feet,  at  a  cost  of  about  $900,000. 
The  result  has  been  an  increase  of  channel  depth  from  11  to  20 
feet,  and  it  has  been  maintained  at  the  latter  depth. 

A  general  vertical  cross-section  of  jetty  at  the  Sulina  mouth  of 
the  Danube  is  shown  in  Fig.  398. 

1086.  Jetties f  Yaquina  Bay,  Oregon, — Jetties  built  of  crib- 
'work  and  filled  with  stone  were  first  tried.  The  cribs  were  in  seo» 
i;ion8  48  feet  long  and  25  feet  wide,  formed  with  timbers  of  Oregon 
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pine,  12  X  12  inches,  built  23  courses  high.  These  failed  entirely. 
It  was  then  determined  to  build  pile  trestles,  extending  oat  on  the 
lines  of  the  proposed  jetties,  from  which  were  swung  mattresses 
^0  feet  wide  and  2  feet  thick.  These  were  made  of  two  layers  of 
fascines,  each  1  foot  thick,  crossing  each  other  and  bound  together 
between  two  grillages  of  6-inch  fir  poles;  on  this  was  placed  a 
covering  of  two  or  more  feet  of  coarse-grained  blocks  of  sand- 
stone, weighing  140  pounds  per  cubic  foot.  Upon  this  a  second 
mattress,  30  feet  wide,  was  placed,  and  the  whole  well  riprapped 
with  stone.    These  jetties  were  only  built  up  to  midtide. 

In  some  portions  of  the  work  the  jetties  were  built  simply  by 
dumping  stone  under  and  around  the  trestle.  These  stone  jetties 
were  built  up  to  high  tide  in  order  to  provide  for  settlement, 
and  were  to  be  faced  and  coped  with  large  stone  after  full  settle- 
ment had  occurred. 

Fir  piles  30  to  50  feet  long  cost  6  to  8  cents  per  lineal  foot;  fir 
lumber,  from  $10  to  112  per  1000  feet  B.M.;  iron,  3  cents  per 
pound ;  rock  placed  on  jetties  from  82  cents  to  f  1.18  per  ton  of  2000 
pounds;  pile  trestle,  from  14.76  to  $8.54  per  linear  foot,  double 
track,  and  $2.52  for  single  track.  Total  cost  per  linear  foot  of 
jetties,  190. 

IMPROVEMENT  OF   HARBORS. 

1087.  Harbors  may  be  classed  under  two  general  heads: 

(1)  Harbors  of  refuge,  which  may  be  either  natural  or  artificial. 
"These  serve  mainly  for  the  protection  of  ships  during  storms. 

(2)  Harbors  for  commercial  purposes.  Such  harbors  must 
necessarily  provide  safe  and  secure  anchorage  for  ships,  and  must 
therefore  have  either  natural  or  artificial  protection  from  storms, 
and  in  addition  must  have  such  constructions,  as  quay  walls  or 
wharves,  as  will  facilitate  the  loading  and  unloading  of  ships. 

Natural  harbors  of  refuge  are  those  more  or  less  extended  areas 
with  sufficient  depth  to  float  a  number  of  ships  during  all  stages  of 
tide,  and  at  the  same  time  protected  by  natural  obstructions,  from 
dangerous  action  of  winds  and  waves,  while  affording  easy  aud 
cafe  access  from  the  open  sea  in  all  states  of  the  weather  and  tide. 

Artificial  harbors  of  refuge  are  those  formed  by  the  constmction 
of  works  called  breakwaters,  which  form  a  barrier,  more  or  less 
perfect,  to  the  progress  of  the  waves  and  winds,  and  must  serve  the 
same  purposes  and  fulfil  the  same  conditions  and  requirements  as 
for  natural  harbors  of  refuge. 
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1088.  Breakwaters. — We  will  now  briefly  discuss  the  location^ 
'design,  and  constrnction  of  outer  breakwaters  erected  in  deep 
water,  and  which  are  constantly  exposed  to  the  action  of  winds  and 
waves. 

The  location  of  a  breakwater  must  be  determined  with  refer- 
ence to:  (1)  enclosing  a  sufficient  area  for  the  accommodation  of 
the  greatest  probable  or  possible  number  of  ships  that  may  seek  its 
protection  at  anyone  time;  (2)  the  angle  at  which  the  heaviest 
waves  impinge  upon  the  coast-line;  (3)  the  nature  and  character  of 
the  bed  of  the  sea  upon  which  the  structure  will  rest,  as  well  as 
the  depth  of  the  water  along  the  proposed  site  of  the  structure;  (4) 
the  perfect  ease  and  safety  of  entering  into  the  protected  area;  (5) 
the  cost  of  the  structure;  for  although  strength,  permanency,  effi- 
ciency, and  suitableness  for  the  purpose  in  view  should  be  the  con- 
trolling factors  in  the  construction  of  such  works,  yet  a  judicious 
selection  of  the  proper  location  may  result  in  a  large  saving  of  ex- 
pense, while  fully  satisfying  all  other  conditions  required. 

The  first  condition,  namely,  enclosing  a  sufficient  area,  having 
^  proper  depth  of  water,  ample  protection  during  storms,  and  good 
holding  ground,  is  purely  a  local  question,  and  must  be  determined 
from  reliable  data  obtained  in  each  case. 

As  to  condition  (2).     The  amount  of  shelter  which  is  produced 
by  a  breakwater  must  be  measured  by  the  length  of  the  portion  of 
the  wave  which  is  either  destroyed  or  reflected  by  it.     The  amount 
of  w.ork  done  by  it  decreases  from  a  maximum  when  the  waves 
oonie  upon  it  at  a  normal  angle  of  incidence,  to  zero  when  the 
waves  come  upon  it  end  on,  in  which  case  it  ceases  to  be  a  break- 
water, strictly  speaking.    If  a  breakwater  be  so  situated  that  the 
waves  strike  obliquely  its  inner  face,  any  increase  in  its  length, 
til  though  enlarging  the  area  cut  off  from  the  sea,  may  during  cer- 
tain winds  increase  the  sea  within  the  harbor  instead  of  reducing 
it.     Hence  when  such  lengthening  is  necessary  to  acquire  increased 
area,  either  the  direction  of  that  portion  of  the  breakwater  must 
be  changed,  or  a  separate  breakwater  must  be  built  out  from  the 
shore  in  order  to  shelter  the  inner  side. 

The  nature  and  character  of  bed,  and  the  depth  of  water,  as 
meDtioned  in  condition  (3),  are  important  as  affecting  both  the 
pernaanency  and  cost  of  the  work,  as  it  would  obviously  be  useless 
to  build  works  on  a  shifting  bottom,  and  the  depth  at  which  dis- 
turbance or  scour  will  be  likely  to  occur  is  of  great  importance. 
The  surface  disturbance  of  the  sea  caused  by  storms  is  known  to 
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extend  to  great  depths.  Shingle  is  moved  during  heavy  winter 
storms,  as  observed  by  divers^  at  depths  of  8  fathoms;  and  it  has 
been  maintained  that  waves  may  excavate  the  bottom  at  depths  of 
100  or  more  fathoms  in  the  ocean,  and  to  the  depth  of  20  to  30 
fathoms  in  seas  and  channels.  The  depth  at  which  mud  reposea 
is  of  great  value  in  judging  of  the  exposui*e  of  a  coast;  this  depth 
has  been  found  to  vary  from  12  to  90  fathoms. 

The  line  of  maximum  exposure,  that  is,  the  line  of  greatest  fetch 
or  reach  of  open  sea,  which  can  be  readily  obtained  from  charts,  is 
important  in  connection  with  the  height  of  waves. 

1089.  Heights  of  Waves. — It  has  been  found  by  experiments 
that  the  heights  of  waves  are  proportional  to  the  square  roots  of 
their  distances  fi*om  the  windward  shore,  and  can  be  expressed  by 

A  =  a  Vdy  in  which  h  =  height  of  wave  in  feet,  d  =  distance  or 
length  of  fetch  in  miles,  and  a  a  coefficient  varying  with  the 
strength  of  the  wind.  It  has  been  found  that  a  =  1.5  indicates 
very  nearly  the  heights  of  waves,  during  heavy  gales,  in  deep  water. 
Where  the  water  is  not  of  sufficient  depth  to  allow  the  waves  to  be 
fully  formed,  or  where  it  becomes  so  shallow  as  to  reduce  their 
height  after  they  are  formed,  the  above  formula  is  not  applicable. 
Applying  the  above  formula,  we  find,  when  a  =  1.5  and  d  =  leugth 

of  fetch  in  miles  =  9  miles  (nautical),  A  =  1.5  4/9  =  4.5  feet;  the 
actual  observed  height  on  the  Clyde  =  5.0  feet.    With  d  =  45.5 

miles,  /^  =  1.5  i^45.5  =  10.2  feet;  actual  height  =  10.0  feet;  place 
of  observation  Macduff.     With  d  =  165.0  miles,  place  of  ob^rva- 

tion  Sunderland,  h  =  1.5  Vl65  =  19.3  feet;  actual  observed  height 
15.0  feet. 

In  short  fetches,  as  in  lochs  or  narrow  arms  of  the  sea,  waves 
are  raised  higher  than  indicated  by  the  above  formula.  For  short 
reaches  and  violent  squalls  the  following  formula  may  be  ufied: 

A  =  1.5/rf  +  (2.5-fd). 

Giving  the  same  values  to  d,  we  find  A  =  5.25,  10.0,  and  18.4,  re- 
spectively. For  the  longer  fetch  use  the  first  formula,  and  for  the 
shorter  the  second.  Waves  only  14  feet  high  have  been  observed 
with  a  fetch  of  600  miles,  and  with  a  similar  exposure  at  another 
place  waves  40  feet  high  have  been  seen  to  strike  the  breakwater, 
and  heights  as  great  as  from  60  to  108  feet  above  the  hollow 
have  been  reported. 
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During  storms  thonsands  of  toos  of  water  are  elevated  and 
maintained  above  the  ses-IeTel,  and  a  breakwater  has  to  stop  their 
oQwurd  progress  within  a  given  apace,  or  else  change  tbe  direction 
of  their  movement.  The  whole  construction  of  breakwaters,  there- 
fore, turns  on  the  theory  of  waves,  as  they  are  strnctures  designed 
to  break  tbe  force  of  waves.  Tbey  may  be  temporary  or  permanent 
ill  character,  and  constructed  of  timber,  etoue,  iron,  or  of  other 
material. 

1080.  Solid  breakwaters  may  be  erected  so  as  to  oppose  a  direct 
resistance  to  tbe  force  of  tbe  waves  :  this  can  be  effected  either  by 
means  of  a  vertical,  or  nearly  so,  faced  wall,  which  altera  the  direc- 
tion of  the  moving  water,  causing  it  to  ascend  vertically  and  then 
allowing  it  to  descend  vertically,  by  which  process  the  waves  are 
reflected  and  sent  back  seawards;  or  the  nndulations  may  be  arrested 
by  a  long  sloping  surface,  which  allows  the  mass  of  elevated  water 
to  fall  down  upon  the  slope,  if  however,  not  long  enough  to  enable 
tbe  waves  to  destroy  themselves,  they  will,  though  rednced  in 
height,  pursue  their  original  direc- 
tion and  paas  over  the  top  of  the 
breakwater,  in  which  case  only  im- 
perfect shelter  is  obtained.  (See 
Pigs.  399,400,401,402.) 

Floating    breakwaters    may  be 

Fio.  399-  placed  which  do  not  oppose  a  direct 

~"~  " '"'  resistance  to  the  force  of  the  waves, 

and  instead  of  defying  and  with- 
Btandiiig  these  violent  forces,  yield 
to  them  and  allow  them  to  be  ez- 
"  pended  gradually  by  being  divided 
and  broken  up,  as  it  were.     The  im- 
portant  object  to  be  attained  is  the 
gradual  but  complete  disintegration 
in  detail,  so  to  speak,  of  the  wave  ;  it  should  be  absolntely  cut  to 
pieces  by  the  breakwater,  and  entirely  deprived  of  the  power  it  pos- 
sessed when  first  coming  in  contact  with  the  structure.    This  may 
undoubtedly  be  effected  by  a  properly  braced  and  open-work  fiied 
or  permanent  iron  breakwater,  but  better  by  an  open-work  floating 
structure  of  timber  or  iron.     The  advantages  and  disadvantages  of 
those  types  above  mentioned  will  be  briefly  discnased.    A  few  re- 
marks on  the  force  of  wuvea  will  be  first  made. 

1091.  Force  of  Waves. — Smeaton  says:  "  When  we  have  to  do 
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with  and  to  eudearor  to  control  those  powers  of  nature  that  are 
snbject  to  no  caiculatioii,  I  trust  it  will  be  deemed  prudent  not  u> 
omit  in  snch  a  case  anything  that  can  without  dLflfiGalty  be  applied, 
and  that  would  be  likelj  to  add  to  the  secnritj."  Tbie  important 
principle  was  laid  down  in   connection  with    the    constrnction 


of  the  Eddystone  Lighthouse,  contemplating  the  necessity  of  bond- 
ing the  Btones  by  dovetailB,  indents,  dowels,  and  cramps,  with  a 
view  of  eecnring  the  maximnm  strength  and  stability  of  a  etmctare 
exposed  to  the  violent  action  of  unknown  forces. 

Attempts  have  been  made  to  measure  the  force  of  wavee  by 
means  of  marine  dynamometers,  which  consist  essentially  of  a  flat 
disk  on  which  the  waves  impinge  directly.  These  disks  are  from 
6  to  9  inches  in  diameter,  and  are  connected  by  rods,  with  a  strong' 
spring  enclosed  in  a  cylinder  bo  that  the  stretching  or  drawing 
out  of  the  spring  can  be  determined,  from  which  the  force  of 
the  wave  can  be  measured  or  calculated.  In  this  manner  the 
force  of  the  waves  has  been  determined,  according  to  locality,  to 
hf.  from  H  to  3^  tons  per  square  foot  of  exposed  sarface.  It  i^ 
more  satisfactory,  however,  to  arrive  at  the  immense  power  of  waves 
by  observing  the  work  done  by  them. 

At  Barra  Head,  one  of  the  Hebrides,  a  block  weighing  50  tons 
was  moved  by  the  sea.     At  Whalsey,  in  Shetland,  at  a  level  of  72 
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feet  above  the  sea,  a  block  weighing  5^  tons  was  broken  out  of  its 
bed  in  the  mass  of  rock  and  moved  from  its  place.  "  In  1872,  at  the 
harbor  works  of  Wick,  a  huge  monolithic  block  of  concrete,  weighing 
in  all  1350  tons,  was  removed  en  masse  out  of  its  position  and  carried 
to  leeward  of  the  breakwater.  The  first  portion  of  this  wall  was 
founded  at  12  feet  below  low'  water,  but  later  portions  to  18  feet^ 
and  the  rubble  has  been  washed  or  scoured  down  to  a  depth  of  15' 
feet  below  that  level.  The  following  year  a  mass  weighing  260O 
tons  was  moved  in  like  manner.  Again,  in  another  case  a  mass  of 
300  cubic  feet,  weighing  28  tons,  was  carried  a  distance  of  90  feet^ 
Many  similar  instances  might  be  given. 

In  order  that  the  waves  may  b^  completely  formed,  there  must  her 
a  sufficient  area  to  admit  of  the  wind  acting  fully  on  the  water,  the 
sea  must  be  unobstructed  by  shoals,  and  there  must  be  a  sufficient 
depth  of  water.  "  If  in  front  of  harbors  shoal  water  extends  to 
a  considerable  distance,  forming  an  extensive  flat  fore-shore,  the 
depth  of  water  above  it  becomes  the  true  limit  of  the  maximum 
wave,  whatever  may  be  the  general  depth  of  the  sea  outside.^' 

1092.  Depth  of  Water  in  which  Waves  Break. — It  is  generally 
stated  that  waves  break  when  they  come  into  water  of  a  depth  equal 
to  their  height.  Observation  shows  that  in  some  cases  the  height 
above  mean  level  is  as  much  as  two  thirds  of  their  height,  whereas  in 
other  cases  waves  from  5  to  6  feet  broke  in  water  from  10  to  14  feet 
iu  depth.  In  such  cases  h  =  id  nearly,  where  d  is  the  depth  below- 
mean  level  and  h  the  height  of  wave  from  hollow  to  crest. 

1093.  We  have  now  considered  the  conditions  determining  the 
height  of  waves  and  the  magnitude  of  the  forces  developed  under 
certain  conditions.  We  are  next  to  consider  the  effect  of  these  on 
walls  or  breakwaters  at  different  angles  to  the  direction  of  the 
wave,  and  having  different  forms  of  cross-section  and  presenting 
either  a  complete  or  partial  resistance  to  the  force  of  the  wave. 

Deep-water  Harbors. — In  deep  water  it  is  claimed  that  oceanic 
waves  are  purely  oscillatory,  and  exert  no  impact  on  vertical-faced 
piers  or  breakwaters,  and  that  it  is  only  necessary  to  consider  the 
hydrostatic  pressure  due  to  the  height  of  the  impinging  waves, 
which  are  reflected  without  breaking.  There  seems  to  be,  however, 
ample  evidence  that  waves  break  in  deep  water  from  various  causes, 
and  that  consequently  waves  of  translation  are  generated,  subject- 
ing any  form  of  barrier  to  heavy  impact.  The  theory  of  the  purely 
oscillatory  character  of  waves,  and  consequent  hydrostatic  pressure 
alone  exerted,  is  the  one  upon  which  vertical-faced  walls  are  advo- 
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cated.    Even  if  this  is  true  after  the  completion  of  the  wall,  it  is 
evidently  not  tenable  during  the  construction  of  such  barriers. 

Mr.  Kankine  says  "  that  every  wave*  is  more  or  less  a  wave  of 
translation,  setting  down  each  particle  of  water,  or  of  matter  sus- 
pended in  the  water,  a  little  in  advance  of  where  it  picked  that 
that  particle  up,  and  thus  by  degrees  producing  that  heaping  up  of 
water  which  gathers  on  a  lee  shore  during  a  storm.  This  property 
of  waves  accounts  for  the  facts,  that  although  they  tend  to  under- 
mine and  demolish  steep  cliffs,  they  heap  up  sand,  gravel,  shingle, 
or  such  materials  as  they  are  able  to  sweep  along,  upon  every  flat  or 
sloping  beach  against  which  they  directly  roll ;  that  they  carry  such 
materials  into  bays  and  estuaries  ;  and  that  when  they  advance  ob- 
liquely along  the  coast  they  make  the  materials  of  the  beach  travel 
in  the  same  direction." 

Vertical-faced  Breakwaters. — Assuming,  then,  that  a  vertical- 
faced  wall  is  thus  acted  upon,  waves,  when  they  roll  straight 
against  it,  are  reflected,  and  the  particles  of  water  for  a  certain  dis- 
tance in  front  of  the  wall  have  motions  compounded  of  those  due 
to  the  direct  and  to  the  reflected  waves.  Those  particles  adjacent 
to  the  wall  move  up  and  down  through  a  vertical  height,  double  the 
original  heights  of  the  waves,  as  also  do  those  at  half  wave-length 
from  the  wall ;  at  quarter  of  a  wave-length  the  motion  is  backward 
and  forward  in  horizontal  directions,  while  the  intermediate  parti- 
cles oscillate  in  lines  having  various  angles  of  inclination. 

Such  reflection  of  waves  will  take  place  on  surfaces  sloping  even 
to  an  angle  of  45^.  A  sunken  breakwater  thus  reflects  the  layers 
of  water  below  its  top,  and  causes  the  sea  to  break  over  it,  thereby 
diminishing  the  energy  of  the  advancing  waves. 

'  The  greatest  wave-lengths  in  the  ocean  are  estimated  at  about 
^60  feet,  corresponding  to  a  speed  of  about  53  feet  per  second  and 
a  period  of  II  seconds,  and  the  greatest  height  of  waves  at  43  feet 

"  In  smaller  seas  the  waves  are  both  lower  and  shorter  and  less 
swift;  and  waves  in  an  expanse  of  shallow  water  of  nearly  uniform 
depth  never  exceed  in  height  the  undisturbed  depth  of  water. 

"But  the  concentration  of  energy  upon  small  masses  of  water, 
which  occurs  on  shelving  coasts  in  the  manner  already  stated,  pro- 
duces waves  of  heights  greatly  exceeding  those  which  occur  in 
water  of  uniform  depth."  Greatest  height  of  breakers  on  the  south- 
west coast  of  Ireland  is  given  at  150  feet. 

1094.  Such  walls  (see  Figs.  399-401)  are  designed,  as  in  the  case 
of  reservoir-walls,  to  resist  the  greatest  pressure  to  which  they  may 
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%e  subjected.  The  facing  may  be  made  of  dressed  masonry  backed 
-with  coursed  rubble  or  concrete,  or  the  entire  wall  may  be  made  of 
xx)ncrete  in  large  blocks.  The  outer  edges  of  the  joints  should  be 
laid  in  the  best  cement  mortar,  while  the  body  of  the  structure  may 
be  laid  in  ordinary  or  hydraulic  mortar.  The  great  danger  arises 
from  the  jumping  out  of  the  stones  or  blocks,  caused  by  the  press- 
ure and  elastic  reaction  of  air  and  water,  which  may  penetrate  into 
the  joints  uiider  the  blow  of  a  wave;  and,  in  addition,  the  under- 
mining action  of  the  waves  at  the  foot  of  the  wall  is  very  great. 
This  is  best  prevented  by  a  paving  of  stones  in  front  of  the  wall,  but 
not  bonded  into  it.  The  front  of  the  wall  may  be  built  in  steps, 
which  break  the  vertical  descent  of  the  water  and  diminish 
the  danger  of  undermining.  The  rear  face  is  also  vertical,  or 
nearly  so. 

In  Fig.  401  is  shown  a  cross-section  of  a  vertical-faced  break- 
water at  Dover,  England.  This  was  constructed  of  solid  masonry, 
having  a  uniform  slope  of  ^  to  1  on  both  outer  and  inner  faces.  The 
base  of  the  wall  is  founded  45  feet  below  low  water,  and  the 
top  23  feet  above  high  water.  The  thickness  or  width  at  base  is  82 
feet ;  at  high-water  line,  57  feet;  and  at  74  feet  above  the  bottom, 
45  feet  thick.  Above  this  level  it  was  surmounted  with  a  parapet 
wall"  10  feet  high,  giving  a  total  height  of  84  feet.  Above  high- 
water  surface  the  work  is  faced  and  covered  with  stone  and  filled 
with  concrete. 

The  parapet-wall  is  not  an  essential  feature  of  breakwaters,  the 
slopes  being  carried  often  to  the  extreme  upper  or  top  surface.  The 
cost  of  the  Dover  Breakwater  was  about  $5200  per  lineal  yard. 

1095.  Breakwaters  with  Long,  Sloping  Faces, — Breakwaters 
with  long  slopes  have  the  advantage  of  causing  the  waves  to  break. 
**  When  a  series  of  waves  advance  into  water  gradually  becoming 
shallower  their  periods  remain  unchanged,  but  their  speed,  and  con- 
sequently their  length,  diminishes,  and  their  slopes  become  steeper. 
The  front  of  each  wave  gradually  becomes  steeper  than  the  back, 
the  crest,  as  it  were,  advancing  faster  than  the  trough.  At  length 
the  crest  of  the  wave  falls  forward,  and  it  breaks  into  surf  on  the 
beach." 

"  The  energy  of  motion  is  successively  communicated  to  smaller 
and  smaller  masses  of  water,  tending  to  throw  those  masses  into 
more  and  more  violent  agitation ;  this  is  usually  counteracted  by  the 
loss  of  energy  which  occurs  through  the  production  of  eddies  and 
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surge  at  sudden  changes  of  depth,  and  through  friction  on  the 
bottom." 

The  inclinations  given  to  the  slopes  vary  from  ItoltoStolbe- 
low  low  water  and  from  4  to  1  to  7  to  1  above  low  water,  as  these  are 
more  violently  acted  upon  by  the  waves.  Waves  partially  break  in 
passing  over  the  line  where  the  inclination  changes.  For  this  reason 
a  series  of  level  benches  or  berms,  alternating  with  flat  slopes  of 
about  the  same  length  with  the  berms,  are  very  effective  in  break- 
ing the  waves  and  exhausting  their  energy.     (See  Figs.  400,  402.) 

Such  breakwaters  may  be  constructed  of  a  hearting  of  earth  and 
gravel  or  of  loose  stones,  depending  upon  the  situation,  and  faced 
or  paved  with  large  blocks,  each  having  sufiScient  weight  to  with- 
stand independently  the  lifting  action  of  the  waves.  This  paving 
may  be  curved  upward  at  the  toe  of  the  slope,  as  described  for 
weirs,  so  as  to  prevent  the  undermining  action  of  the  returning  cur- 
rent or  undertow  from  the  breakers.  The  top  of  the  slope  is  some- 
times curved  upwards  and  outwards,  presenting  a  concave  surface 
to  the  waves;  it  will  be  preferable,  however,  to  finish  the  work  with 
a  level  berm  or  top  surface  paved  with  large  blocks,  and  upon  thia 
erect  a  strong  parapet  so  placed  that  the  slope  will  pass,  if  pro- 
longed, above  the  top  of  the  parapet- wall. 

A  common  construction  now  is  to  use  large  and  small  stone, 
which  are  either  thrown  overboard  from  barges  or  carried  out  on 
staging  made  of  timber  or  iron  piles,  and  dumped  over  from  tbese^ 
the  stones  thus  forming  a  base  or  substructure  assuming  its  natural 
slope;  or  a  flatter  one,  if  so  desired,  may  bo  formed.  This  constrnc- 
tion  is  known  as  the  pierre  perdue.  This  kind  of  work  is  not  usu- 
ally expected  to  stand  the  action  of  waves,  and  must  consequently 
be  paved  with  large  blocks  of  sufficient  weight.  This  facing  need 
not  extend  below  that  depth  at  which  the  pierre  perdnes  are  able  to 
resist  displacement.  This  depth  will  vary  according  to  the  height 
of  the  waves  and  the  sizes  of  stone  used.  It  may  not,  on  an  aver- 
age, exceed  from  12  to  15  feet  below. low  water;  but,  as  stated, 
at  Wick  harbor  it  extended  to  a  much  greater  depth.  In  all  snch 
cases,  as  already  mentioned,  a  parapet-wall  should  be  built  on 
top. 

1098.  Combined  or  Composite  Breakwaters. — In  the  case  just 
mentioned  it  may  be  well  to  form  a  pierre  perdue  substructure, 
which  may  be  built  as  already  descnbed,  or  say  up  to  or  near  low- 
water  mark,  and  upon  this,  as  on  a  beach  in  shallow  water,  build 
a  steep  wall  well  back  from  the  edge  of  the  slope. 
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In  all  such  masonry  walls  it  is  desirable  to  use  very  large  blockEt 
of  stone,  or  else  take  special  precaution  to  tie  these  together  by 
dowels  or  cramps,  and  to  close  the  joints  with  cement  mortar. 

Concrete  lends  itself  especially  for  such  purposes,  as  immensely 
large  blocks  can  be  made  in  place,  saving  thereby  the  great  cost  in 
handling  and  transporting  large  blocks  of  natural  stone. 

Such  blocks  can  be  set  on  beds  of  concrete  laid  either  on  the 
natural  bed  or  on  top  of  the  ai'tificial  substructure,  these  beds  being- 
arranged  and  levelled  by  divers,  the  blocks  also  being  bedded  and 
the  joints  filled  with  mortar  by  divers;  or  better  still,  when  concreto 
blocks  are  used  horizontal  and  vertical  semi-cylindrical  or  rectan- 
gular grooves  can  be  formed  on  the  beds  and  sides  a  little  back  from 
the  edges  of  the  blocks.  These  are  then  set  in  juxtaposition,  form- 
ing the  proper  vertical  or  sloping  face. 

The  joints  are  then  calked  on  the  exposed  face  by  divers,  a. 
liquid  cement  is  poured  into  the  vertical  holes,  through  pipes  ex- 
tending above  the  surface  of  the  water,  or  into  the  holes  if  the^ 
masonry  reaches  above  the  surface;  the  pressure-head  thus  obtained 
forces  the  grout  into  the  joints,  filling  them  and  the  grooves,  which 
at  once  fills  the  joints  and  joggles  the  blocks  together.  If  desired^ 
pressure  can  be  applied  to  the  grout,  thereby  insuring  the  flow  of 
the  grout  into  very  thin  joints. 

This  same  method  can  be  applied  to  simple  pierre  perdue  or 
gravel  substructures  by  building  a  series  of  pipes  into  the  mass,, 
provided  the  slopes  are  paved  and  calked  sufficiently  to  prevent 
the  lateral  escape  of  the  soft  mortar  or  grout.  The  quantity  of 
cement  required  in  such  case  would,  however,  be  very  great,  and 
need  not  be  resorted  to  below  that  depth  at  which  the  loose  stones- 
would  remain  undisturbed. 

Breakwaters  of  this  combined  construction  are  shown  in  section 
in  Figs.  400  and  402. 

The  parapet- wall  as  shown  in  Fig.  402  is  often  omitted,  and  th& 
entire  breakwater  simply  paved  with  large  stones.  In  this  case  the 
waves  can  usually  flow  over  the  top  of  the  breakwater,  after  expend- 
ing a  large  portion  of  their  energy. 

In  Fig.  400  the  drawing  shows  a  section  of  breakwater  with  a 
quay  on  the  inner  side.     This  construction  is  also  a  pier. 

1097.  The  heights  of  breakwaters  should  be  such  that  their  top» 
may  be  above  the  crests  of  the  highest  waves,  augmented  as  they 
are  in  height  by  the  reflection;  or  else  the  coping-stones  should  be 
heavy  enough  to  prevent  lifting  by  the  pressure  due  to  the  greatest 
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height  of  the  waves  above  its  beds,  and  dowelled  to  each  other  so 
as  to  act  as  a  unit.  The  cope  should  in  no  case  project  oTer  the 
face  of  the  wall.  This  is  for  walls  which  are  intended  to 
«top  the  waves  entirely.  Where  it  is  not  necessary  to  entirely  stop 
the  waves,  the  height  is  regulated  by  the  extent  to  which  interfer- 
ence is  necessary  or  desired.  There  will  always  be  in  such  cases 
more  or  less  commotion  of  the  water  surface  behind  the  breakwater. 
Such  conditions  may  secure  safe  anchorage,  but  not  for  commercial 
purposes,  such  as  loading  and  unloading  vessels.  Special  precau- 
tions are  necessary  to  prevent  the  top  paving  from  being  washed  off. 

1098.  Maximum  Effective  Force  of  Waves. — "  It  does  not  fol- 
low, however,  that  the  line  of  the  maximum  exposure  is  in  every 
case  the  line  of  maximum  effective  force  of  the  waves,  for  this 
must  depend  not  only  on  the  length  of  fetch,  but  on  the  angle  of 
incidence  of  the  waves  on  the  walls  of  the  harbor.  What  may  be 
termed  the  line  of  maximum  effective  exposure  is  that  which,  after 
being  corrected  for  obliquity  of  impact,  produces  the  maximum  re- 
sult, and  this  can  only  be  ascertained  from  the  chart  by  successive 
trials." 

Let  P  be  the  greatest  force*that  can  assail  the  pier;  A  the  height 
of  waves  which  produce  (after  being  corrected  for  obliquitj-)  the 
maximum  effect,  and  which  are  due  to  the  line  of  maximum  effec- 
tive exposure;  a  the  azimuthal  angle  formed  between  the  direction 
of  the  pier  and  the  line  of  exposure.  Then,  when  the  force  is  re- 
solved normally  to  the  line  of  pier,  P  cc  h  sin*  a. 

And  if  the  force  be  again  resolved  in  the  direction  of  the  waves 
themselves,  P  a  h  sin'  a. 

The  great  difference  in  the  effect  of  the  waves  impinging  at 
right  angles  and  those  which  have  even  a  slight  amount  of  obliquity 
was  shown  unmistakably  at  the  Wick  Breakwater,  where  all  at- 
tempts to  make  the  work  stand  when  exactly  at  right  angles  to  the 
waves  were  unsuccessful;  whereas  with  a  small  angle,  9°,  of  obliq- 
uity the  effect  of  the  waves  was  greatly  diminished. 

"  An  important  advantage  of  a  sloping  wall  is  the  small  resist- 
ance which  it  offers  to  the  impinging  wave;  but  it  should  also  be 
borne  in  mind  that  the  weight  resting  on  the  face-stones  in  a  talus- 
wall  is  decreased  in  proportion  to  the  sine  of  the  angle  of  the  slope. 
If  we  suppose  the  waves  which  assail  a  sloping  wall  to  act  in  the 
horizontal  plane,  the  component  of  their  impulsive  force  at  right 
-angles  to  the  surface  of  tlie  talus  will  be  proportional  to  the  sine  of 
the  angle  of  inclination  to  the  plane,  while  the  effective  force  esti- 
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tiiated  in  the  horizontal  plane  will  be  proportional  to  the  square  of 
the  sine  of  the  angle  of  inclination.  But  if  we  assume  the  motion, 
of  the  impinging  particles  to  be  horizontal,  the  number  of  them 
which  will  be  intercepted  by  the  sloping  surface  will  also  be  re- 
duced in  the  ratio  of  the  sine  of  the  angle  of  inclination,  or  of  the 
inclination  of  the  wall  to  the  vertical.  Hence  the  tendency  of  the 
waves  to  produce  horizontal  displacement,  on  the  assumption  that 
the  direction  of  the  impinging  particles  is  horizontal,  will  be  pro- 
portional to  the  cube  of  the  sine  of  the  angle  of  elevation  of  the 
wall.  If  it  further  happens  that,  owing  to  the  relative  direction  of 
the  pier  and  of  the  waves,  there  is  an  oblique  action  in  azimuth  as 
well  as  in  altitude,  there  will  be  another  similar  reduction  in  the 
ratio  of  the  squai'es  or  cubes  of  the  angle  of  incidence,  according  aa 
the  component  of  the  force  is  reckoned  at  right  angles  to  the  sur* 
face  of  the  pier  or  in  the  direction  of  the  waves. 

Let  p  =  force  of  the  wave  on  a  unit  of  surface  for  normal  inci* 
dence;  p'  =  force  on  unit  of  surface  at  vertical  incidence  d>  and 
azimuthal  incidence  0';  then  p'  <x  p  (sin  0  sin  0')'.  See  Encyclo- 
paedia  Britannica. 

1099.  A  breakwater  may  be  isolated,  and  in  the  midst  of  the 
entrance  of  the  bay,  or  it  may  run  out  from  the  shore  into  deep 
water.  In  the  latter  case  the  best  position  for  the  junction  of  a 
single  breakwater  with  the  land  is  in  general  at  the  up-stream  cor- 
ner of  the  entrance  to  the  inlet  or  harbor,  or  that  side  where  the 
currents  are  strongest  as  regards  the  flood  current  along  the  coast,, 
for  in  that  position  it  opposes  the  strongest  flood  current  and  does 
not  interfere  with  the  strongest  ebb  current. 

This  location  presents  a  barrier  to  the  waves  of  the  prevailing 
storms,  and  especially  to  those  which  come  along  with  the  flood 
current. 

1100.  Piers  and  Sea-walls, — The  distinction  between  piers  and 
sea-walls  on  the  one  hand  and  breakwaters  on  the  other  is,  (1)  that 
breakwaters,  properly  speaking,  are  constructed  in  deep  water,  and 
have  the  sea  on  both  sides,  where,  although  constantly  exposed  to 
the  waves,  the  exact  character  of  the  force  or  pressure  to  which 
they  are  subjected  is  not  so  well  defined;  and  (2)  that  piers  or  sea- 
walls are  placed  within  the  range  of  the  breaking  surf,  where  they 
are  only  exposed  to  the  force  of  the  waves  for  a  limited  period, 
being  sometimes  left  nearly  or  entirely  dry  by  the  receding  tides,. 
and,  moreover,  the  waves  exert  admittedly  a  true  percussive  force. 

In  such  cases  there  are  obviously  two  methods  of  resisting  this 
force:  (1)  a  resistance  dependent  on  mass  and  weight;  and  (2)  a 
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comparatively  light  structare,  the  stability  of  which  depends  upon 
the  strength  of  its  members  and  their  connections  with  each  other 
and  with  the  bottom.  The  general  weight  of  authority  and  prac- 
tice seems  to  be  in  favor  of  the  firsts  although  there  are  examples 
of  the  second  kind  of  construction  which  show  both  strength  and 
stability  in  a  considerable  sea. 

The  impact  of  the  waves  against  the  outside  of  a  sea-wall  or 
pier  gives  rise  (1)  to  a  direct  horizontal  force,  which  tends  to 
loosen  and  drive  in  the  blocks  of  stone  in  the  structure;  (2)  a  ver- 
tical force  which  tends  to  lift  the  blocks  or  portions  of  the  wall  by 
acting  against  projecting  points  or  rough  surfaces;  (3)  the  down- 
ward force  caused  by  the  receding  wave  striking  upon  the  toe  of 
the  talus  or  sloping  wall,  or  passing  over  the  top  of  the  parapet 
and  falling  upon  the  pitching  behind  so  as  to  scour  it  out;  and  (4) 
the  back  draught,  which  tends  by  reaction  from  the  wall  to  remove 
the  soft  bottom,  and  thereby  undermine  the  structure,  or  to  suck 
loose  stones  out  of  the  wall.  Provision  must  be  made  to  resist  or 
counteract  each  one  of  these  tendencies. 

Sea-walls  are  frequently  constructed  expressly  for  the  purpose 
of  preventing  encroachments  upon  the  land,  and  as  such  will  be 
considered  in  the  next  article,  on  the  Reclamation  of  Land. 

Piers  are  really  a  kind  of  breakwater  combined  with  quays, 
which,  while  affording  protection  as  a  breakwater  to  vessels  which 
lie  under  the  lee  of  th6  wall,  have  a  construction  called  a  quay  on 
the  IcA  side,  by  which  vessels  are  enabled  to  load  and  unload  without 
their  having  to  beach  or  take  ground.     (See  Pig.  400.) 

A  quay  or  wharf  alone  is  simply  a  structure  either  parallel  or  at 
right  angles  to  the  shore-line.  In  the  former  case  no  protection  or 
shelter  is  afforded,  whereas  in  the  latter  there  is  some  shelter,  pro- 
vided the  wind  does  not  blow  direct  upon  the  shore. 

By  running  a  pier  directly  out  from  the  shore  for  a  certain  dis- 
tance, then  changing  its  direction  for  a  certain  length;  or  by  run- 
ning two  parallel  piers  for  a  certain  distance,  and  then  canting  or 
inclining  their  directions  toward  each  other;  or,  again,  running  one 
pier  straight  outwards,  and  parallel  to  this  another  pier  for  a  cer- 
tain or  the  same  distance,  then  turning  and  extending  it  towards 
the  free  or  sea  end  of  the  first  pier;  or  in  fact  any  combination  of 
piers  by  which  a  large  area  is  nearly  closed,  leaving  only  a  narrow 
entrance,  so  placed  that  ships  can  enter  or  leave  in  all  kinds  of 
weather  and  stages  of  tide, — we  have  what  are  usually  called  Tidal 
Harbors  for  Commercial  Purposes. 
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The  location  of  the  line  of  the  pier  depends  on  the  nature  and 
configuration  of  the  shore  and  of  the  bottom.  The  proper  location 
requires  a  careful  survey  in  order  to  lay  down  a  series  of  contours 
of  the  bottom;  then  with  due  regard  to  the  direction  of  the  motion 
of  waves,  and  enclosing  the  proper  area  with  sufficient  depth  of 
water,  the  pier  or  piers  can  be  traced  out  on  the  shoal  ground. 

A  single  straight  pier  will  answer  in  many  cases  when  the  waves 
strike  upon  it  obliquely  and  glide  along  it  landwards.  But  special 
precautions  must  be  taken  that  a  sea  work  nowhere  presents  to  the 
sea  a  surface  with  a  concave,  horizontal  outline,  or  what  is  worse, 
abrupt  faces  forming  a  re-entrant  angle,  for  the  waves  will  then  act 
with  great  violence.  The  breaking  of  a  free  wave  is  a  very  different 
thing  from  the  breaking  of  a  wave  confined  by  a  barrier  of  masonry. 

The  entrance  should  be  fixed  seaward  of  every  part  of  the  works, 
and  its  direction,  unless  where  the  sea  is  very  heavy  and  the  en- 
closed area  small,  should  be  made  to  coincide  with  that  of  the 
heaviest  waves,  so  that  they  may  run  along  with  and  guide  vessels 
into  the  harbor. 

The  outer  pier  should  be  extended  sufficiently  far  seaward  of 
the  end  of  the  inner  pier  to  allow  a  ship  to  shape  an  easy  course 
before  taking  the  entrance  to  the  harbor.  The  introduction  of 
steamers  and  powerful  tugs  permits  of  entrance  in  other  directions 
than  above  stated. 

There  should  be  a  sufficient  distance  landward  of  a  harbor 
mouth  to  allow  a  vessel  having  full  weight  on  her  to  shorten 
sail. 

1101.  The  tranquillity  of  close  harbors  with  the  same  exposure 
depends  on  the  relative  widths  of  the  entrance  and  the  interior, 
the  depth  of  water,  and  the  form  and  direction  of  the  entrance  in 
relation  to  the  line  of  maximum  exposure. 

It  is  essential  when  the  exposure  is  great  that  there  be  either  a 
considerable  internal  area,  or  a  separate  basin  opposite  the  entrance 
to  the  inner  basin,  for  the  waves  to  destroy  or  spend,  themselves. 

When  there  is  not  over  a  fetch  of  about  five  miles,  which,  by  the 

formula  A  =  1.5  Vd,  gives  a  wave  of  about  3.8  feet  high,  it  has 
been  found  that  quays  unprotected  by  covering  piers  will  admit  of 
carrying  on  traffic  successfully. 

The  ordinary  cross-sections  of  quay-walls,  without  protecting 
piers,  are  shown  in  Figs.  403,  404,  405,  and  with  protecting  piers 
in  Figs.  400.  These  are  supposed  to  be  constructed  of  masonry  or 
concrete,  or  a  combination  of  these  materials. 
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It  is  cnstomary  to  protect  TeeaeU  from  robbing  gainst  nusoorj 
qtiay-wa)l8  by  using  vertical  timbers,  called  fenders,  fastened  to  the 
masonry  by  bolts  or  straps. 

An  to  tbe  character  of  construction  of  piers  combined  with  quay- 

Fia.  401. 


a 

a 
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walls,  there  is  no  essential  difference  from  that  employed  in  the 
construction  of  Tertical-faced  breakwaters,  or  those  with  ordinary 
slopes. 

1102.  The  internal  effects  of  the  force  of  waves  on  masonry 
wliich  tend  to  the  destruction  of  the  works  are  various.  The 
masonry  is  constantly  subjected  (1)  to  more  or  less  vibrations 
produced  by  the  shock  of  the  waves,  which  may  be  transmitted 
through  the  body  of  the  work  to  the  inner  or  quay  wall;  {'i)  by 
the  direct  communication  of  the  impulses  through  the  films  of 
water  occupying  the  interstices  in  the  masonry  acting  upon  the 
inner  quay;  (3)  by  the  sudden  coudensations  and  expansions  of 
the  air  in  the  masonry  loosening  and  blowing  out  the  face  stones; 
(I)  by  the  hydrostatic  pressnre  transmitted  through  the  small 
jirisms  or  films  of  water  in  the  masonry  exerting  a  considerable 
force  at  the  back  of  the  qnay-wall. 
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The  thickness  of  piers  fully  exposed  to  the  action  of  ordinary 
ives  should  not  be  less  than  from  35  to  45  feet  at  the  high-water 
el,  and  greater  thickness  where  the  waves  are  very  high. 

1103.  Piers  of  Iron. — Both  cast  and  wrought  iron  have  been 
)d  either  in  the  form  of  screw-piles  or  of  hollow  cylinders,  and 
ik  by  the  ordinary  methods  appropriate  to  such  structures. 
ese  have  been  used  for  piers,  quays,  and  for  lighthouses. 
It  is  known  that  such  structures  stand  a  considerable  sea,  and 

effective  to  a  great  extent  in  breaking  somewhat  in  detail  the 
le  of  waves. 

Although  iron  piers  immersed  in  sea-water  may  last  a  long 
J,  they  nevertheless  corrode  quite  rapidly,  reducing  greatly  the 
igth  of  the  component  parts, — as  much  as  50  per  cent  in  fifty 
8  in  some  observed  castings. 

iuch  constructions  are  doubtless  best  used  as  foundations  or 
Tuctures,  surmounted  with  masonry  or  concrete  walls,  when 
are  designed  for  ports  or  harbors  having  a  large  commercial 
e.  Otherwise  the  entire  structure  may  consist  of  piles  over 
ti  a  flooring  or  platform  is  placed.  Fig.  403  shows  a  masonry 
wall  on  cylinders  filled  with  concrete, 
jrew-piles  can,  with  proper  precautions,  be  forced  to  a  suflS- 

depth  in  the  softer  varieties  of  rock  so  as  to  give  ample 
[ty. 

le  exact  extent  to  whicn  a  screw-pile  pier,  composed  of  a 
er  of  rows  of  piles,  will  be  effective  in  breaking  the  force  of 
ives  is  not  definitely  known.    It  is  a  form  of  structure  capa^ 

exhibiting  a  high  degree  of  strength,  especially  when  first 
md  new.  It  is  difficult,  however,  to  so  connect  the  parts 
^ntinual  vibrations  will  not  tear  apart  or  loosen  the  connec- 
0  snch  a  degree  as  to  materially  diminish  its  powers  of  resist- 
eing  neither  rigid  nor  pliable  enough  to  withstand  the  shocks 
3h  it  will  be  exposed  without  experiencing  a  gradual  and 
IOU8  depreciation  in  stability  and  strength,  and  ultimately 
\g  in  its  total  destruction,  to  say  nothing  of  deterioration 
>rrosion.  Such  structures  can  therefore  be  regarded  mainly 
,  strong  structures  of  a  temporary  nature. 

rapidity  with  which  such  piers  can  be  constructed  and  the 
itive  cheapness  in  cost  are  their  principal  recommendation 
iewed  as  permanent  structures  for  important  purposes. 
siin^  it  sometimes  happens  that  it  is  practically  impossible 
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to  build  and  maintain  any  other  kind  of  structure  without  enor- 
mous cost  and  consumption  of  time.  Sometimes  timber  can  be 
advantageously  substituted  for  iron  piles. 

1104.  Sect-piers  of  Timber. — In  sheltered  bays  or  river  fronts 
of  cities,  where  a  deep-water  landing  is  required,  timber  piers  or 
•quays  can  be  used  to  great  advantage,  and  even  in  exposed  situa- 
tions they  can  be  used  for  tidal  harbors, 

JBut  when  exposed  alone  to  sea- water  all  kinds  of  timber  are 
liable  to  be  destroyed  very  rapidly  by  the  ^eredo  navaJis  or  Lim- 
moria  terebrans.  Some  kinds  of  wood,  such  as  memci,  greenhc?art, 
African  oak,  and  teak,  are  to  a  certain  extent  free  from  their 
attacks. 

Some  of  the  many  methods  of  protecting  timber  from  the 
attacks  of  these  worms  and  preventing  decay  in  exposed  portions 
can  be  effectively  employed. 

The  methods  of  constructing  such  piers,  quays,  or  wharves  vary 
in  different  localities,  mainly  dependinp:  upon  the  character  of  the 
l>ottom.  Where  rock  or  very  firm  earth  is  found  along  the  chore 
or  site  of  the  piers,  simple  timber  cribs  of  proper  height  and  width 
can  be  constructed  and  sunk  in  position  with  gravel  or  broken 
stone,  and  properly  paved  or  covered  over  to  answer  the  purposes 
intended. 

Where  the  bottom  is  soft  or  liable  to  be  scoured,  it  becomes 
necessary  to  remove,  by  dredging  or  otherwise,*the  soft  and  loose 
materia]  before  founding  the  cribs;  or  in  some  cases,  where  the 
depth  of  water  is  sufficient,  a  pierre-perdue  foundation  may  be 
placed,  on  which  the  superstructure  may  be  erected.  Or  rows  of 
piles  can  be  driven,  the  outside  sheeted  with  timbers,  and  the 
enclosed  space  filled  with  earth,  shells,  gravel,  or  broken  stone. 
W^here  stinictures  of  this  kind  are  wide  and  stable  enough  to  resist 
an  excess  of  pressure  caused  by  an  earthen  embankment,  or  where, 
as  in  piers  proper,  they  are  subjected  to  an  equal  pressure  from  both 
sides,  no  special  precautions  are  necessary  to  insure  stability  of 
position. 

In  quays  proper,  which  may  consist  of  two  or  more  rows  of  piles 
driven  along  or  close  to  the  shore-line,  whether  surmounted  by  cribs 
*<)r  not,  the  excess  pressure  from  the  filling  behind  may  be  consider- 
able, especially  at  low  tide.  In  such  cases  stability  can  only  be 
secured  by  some  form  of  land  ties. 

These  may  consist  of  additional  rows  of  piles  driven  parallel  to 
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tind  ill  rear  of  the  quay>  well  up  on  shore,  which  are  tied  to  the  quay 

by  a  system  of  transverse  and  longitudinal  timber  quay  of  piles 

timbers;  or  in  some  cases  long  iron  rods  are        **    ^      '^"^ 

extended  well  back  to  landwards,  and  held  ' 

by  timber  walls  or  iron  plates  well  imbedded 

in  the  firm  earth.      These   matters  have 

been  fully  discussed  in  other  parts  of  this 

Tolume.     Fig.  403  shows  masonry  quay  on 

foundations  of  cylinders;   Fig.  404  shows 

masonry    quay   on    concrete    foundations;  Fig.  406. 

Fig.  405,  masonry  quay  with  concrete  hearting;  and  Fig.  406  shows 

timber-pile  quay  with  land  ties. 

1106.  Floating  or  Yielding  Piers  or  Breakwaters. — It  is  not 
the  purpose  to  discuss  piers  or  quays  at  which  vessels  can  load 
and  unload,  but  those  floating  or  yielding  structures  more  properly 
termed  breakwaters,  the  purpose  of  which  is  to  cause  compara- 
tively tranquil  water  over  a  given  area,  and  whose  effect  is  not 
entirely  to  break  or  destroy  the  force  of  the  waves,  but  only  to 
such  an  extent  as  to  make  it  reasonably  safe  for  the  anchorage  of 
vessels,  and  admit  of  caiTying  on  the  construction  of  many  import- 
ant public  works,  such  as  piers  or  lighthouses,  which  could  not  be 
constructed  unless  at  least  partially  protected  from  the  violence  of 
the  waves. 

It  would  be  useless  to  multiply  examples  of  the  wonderful 
effect  of  a  pliable  or  yielding  body  in  destroying  the  momentum 
of  moving  bodies  impinging  on  it.  The  motion  of  water  moving 
-with  the  velocity  of  torrents  is  checked  or  entirely  stopped  by  a 
matting  of  brush,  and  resulting  in  the  deposition  of  large  quanti- 
ties of  earthy  matter,  sand,  and  gravel. 

It  is  well  known  that  trailing  hawsers  attached  to  floating 
bodies  are  effective  in  breaking  the  violence  and  heights  of  waves 
-when  cutting  through  their  upper  surfaces.  From  these  and  many 
other  considerations  it  is  obvious  that  if  a  barrier  is  formed  of 
several  rows  of  timber  or  water-tight  iron  columns,  properly  propor- 
tioned so  as  to  float  at  given  depths,  with  their  upper  portions  pro- 
jecting well  above  the  surface  of  the  sea,  strongly  connected,  but 
not  by  rigid  braces  or  connections,  and  at  the  same  time  firmly  held 
by  heavy  anchors, — the  effect  of  such  a  strong  structure,  yielding 
^adually,  while  developing  an  increased  resistance,  will  be  to 
^eatly  diminish  the  energy  of  the  waves,  dividing,  splitting,  and 
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partially  or  entirely  dissipating  it.  There  seems  to  be  no  doubt  of 
this  result  being  produced,  and  it  is  admitted  to  be  the  case  pro- 
vided the  entire  structure  is  not  bodily  torn  from  its  moorings. 
The  apprehension  of  failure  from  this  cause  does  not  seem  to  be 
well  founded.  The  writer  is  clearly  of  the  opinion  that  no  great 
difficulty  will  be  experienced  in  holding  the  component  parts  of 
such  a  structure,  and  consequently  the  structure  itself,  in  place. 
The  great  difficulty  will  be  found  in  a  proper  system  of  bracing 
and  connections,  by  which  a  uniform  but  rather  rapid  increase  of 
resistance  is  developed  by  bringing  each  row  of  floating  columns 
into  action,  supporting  and  relieving  those  in  fronts  the  columns 
in  each  row  being  opposite^  the  space  (of  a  few  inches,  or  feet), 
between  the  columns  in  rows  in  its  front  and  rear.  For  light  seas 
from  3  to  4  such  rows  will  doubtless  be  sufficient  and  efficient; 
for  heavier  seas,  from  4  to  8  or  10  rows.  The  columns  used  should 
have  a  diamond-shaped  section,  and  set  with  their  sharp  edges  to 
seaward. 

While  such  structures  may  be  regarded  as  only  serving  a  tem- 
porary purpose,  there  is  no  reason  for  not  so  constructing  them  aa 
to  be  permanent  if  desired,  and  to  afford  almost  as  safe  aooom* 
modations  for  shipping  as  the  more  massive  and  heavy,  and  vastly 
more  costly,  breakwaters. 

They  are  cheaply  and  rapidly  constructed  in  place,  and  if  only 
employed  for  a  temporary  purpose,  can  be  readily  removed  and 
used  at  other  places  for  the  same  or  for  similar  purposes. 

In  view  of  the  great  difficulty  in  constructing  massive  break- 
waters, piers,  and  lighthouses  on  exposed  coasts,  and  the  enormous 
waste  of  time  and  money  thus  involved,  and  in  the  light  of  the 
recent  failure  to  construct  a  lighthouse  on  Diamond  Shoals,  off 
the  exposed  coast  of  North  Carolina,  the  writer  has  designed,  a 
structure  of  the  kind  above  described,  which  he  believes  will  at  a. 
small  outlay  enable  this  important  and  necessary  lighthouse  to  be 
constructed  without  serious  difficulty. 

In  addition,  there  are  good  reasons  for  believing  that  a  con- 
siderable degree  of  silting  up  will  occur  under  and  around  both  to 
the  windward  and  leeward  of  such  an  open-work  barrier,  the 
lighter  matters,  such  as  mud,  silt,  and  sand,  being  deposited  to  the 
leeward;  the  heavier  matters,  as  coarse  sand  and  gravel,  under  and 
on  the  windward  side. 

The  following  are  examples  of  the  more  modem  breakwatera 
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And  piers.  They  have  been  specially  selected  as  ebowitig  the  more 
recent  couBtrucCions  and  designs,  and  particnlarly  in  regard  to  the 
use  of  concrete  in  large  blocks. 

1106.  Bilbao  Breakwaters,  Spain. — One  of  these  hreakw&ters  is 
4760  and  the  other  is  3516  feet  long.  They  reach  oat  from  oppo- 
site shores  near  the  head  of  the  bay,  nearly  perpendicularly  to 
their  respective  shore-liaes,  and  are  so  constructed  with  respect 
to  each  other  that  while  the  space  or  entrance  between  tbem  is 
2  LUO  feet  long,  the  entrance  is  perpendicular  to  the  direction  of  the 
prevalent  winds,  the  angle  formed  by  the  directions  of  the  break- 
water beiug  such  as  would  bring  about  this  oondition.  The  en- 
-closed  space  of  harbor  thus  formed  covers  an  area  of  700  acres. 
Over  a  very  large  portion  of  this  the  depth  of  the  water  at  spring- 
tides will  vary  from  16  to  49  feet.  Quays  are  to  be  constrncted 
•on  enclosed  shore-lines,  provided  with  railway  tracks,  at  which 
large  ships  will  be  able  to  load  and  unload  at  all  stages  of  the 
tide  and  in  all  kinds  of  weather.  The  general  construction  of  the 
breakwater  is  shown  in  Fig.  407.     The  foundation  is  formed  of  a 
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rabble  tnonnd  up  to  a  level  of  19.7  feet  below  low  water.  The 
width  of  this  monnd  at  the  crest  is  177  feet,  and  side  slopes 
are  1^  to  1.  The  outer  slopes  are  formed  of  blocks  weighing  not 
less  than  1  ton,  within  these  slope-walls,  and  adjacent  to  them  a 
wall  made  of  stones  weighing  not  lees  than  880  pounds,  and  the 
Interior  space  or  core  is  formed  of  smaller  stones  having  a  minimum 
weight  of  44  pounds.  The  top  of  the  monnd  is  protected  by  con- 
crete blocks  measuring  from  39  to  65  cubic  yards,  and  weigh- 
ing from  60  to  100  tons,  the  larger  blocks  being  placed  seaward. 
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The  voids  between  these  blocks  are  filled  with  rubble.  The  top 
surface  is  then  levelled  with  a- layer  of  concrete  3.28  feet  thick. 
On  this  foundation  the  superstructure  is  erected.  The  top  of  the 
concrete  is  3.28,  above  low  water.  The  superstructure  is  built  up 
from  this  level  to  a  level  23  above  low  water,  with  concrete  blocks 
weighing  10  tons  each,  laid  so  as  to  break  joints;  the  interior  is 
filled  with  quick-setting  cement.  The  dimensions  of  this  portioa 
of  the  structure  are  39  feet  thick  at  the  base  and  32  feet  at  the 
crest.  Above  this  is  a  shelter  wall  10  feet  high  and  13  feet  thick, 
crowned  by  a  parapet  nearly  5  feet  thick  and  3.28  feet  high.  Both 
the  shelter  wall  and  parapet  are  made  of  concrete  moulded  in  place. 
The  base  of  the  superstructure  is  protected  by  a  concrete  toe  13 
feet  broad  and  8  feet  thick.  The  proportions  used  for  the  60  and 
100  ton  blocks  of  concrete  were  1  Portland  cement,  3  shore  sand, 
and  6  broken  stone;  for  the  10-tbn  facing-blocks  1  Portland 
cement,  3  sand,  and  5  broken  stone;  for  the  levelling  course  of 
concrete,  3  parts  quick-setting  Zumaya  cement,  4  sand,  and  9 
broken  stone. 

The  breakwaters  will  terminate  in  a  circular  pier-head,  65.6 
feet  in  diameter  at  high-water  level,  on  which  will  be  placed  light- 
houses.    The  cost  of  this  work  will  be  $4,100,000. 

The  large  blocks  of  concrete,  39  to  65  cubic  yards  each,  were 
formed  by  using  the  Carey  concrete-mixer.  The  broken  stone,  sand, 
and  cement  were  placed  in  the  mixer  and  mixed  dry,  by  means  of 
an  endless  screw,  in  the  upper  part  of  the  drum,  the  water  being 
added  near  the  bottom.  The  concrete  when  mixed  was  emptied 
into  small  wagons  and  carried  to  the  moulds.  It  was  then  lifted 
and  deposited  in  the  moulds  and  well  rammed.  Each  block  was 
completed  in  one  day,  in  order  to  avoid  seams  or  planes  of  weak- 
ness. The  moulds  were  removed  at  the  end  of  four  or  five  days,  but 
the  blocks  were  allowed  to  harden  for  three  months  before  further 
handling.  They  were  then  lifted  by  means  of  machinery  worked  by 
electricity.  Steel  eye-bolts  were  imbedded  in  the  concrete  to  enable 
them  to  be  more  readily  handled. 

An  interesting  and  somewhat  novel  construction  of  a  break- 
water and  connecting  quays  in  the  harbor  of  La  Guaira  has 
recently  been  completed. 

The  works  consist  of  a  breakwater  2050  feet  long,  its  inner  side 
formed  into  a  quay  1608  feet  in  length,  and  quays  running  perpen- 
dicular to  these  and  then  in  a  parallel  direction,  having  an  aggregate 
length  of  3150  feet.     The  first  work  consisted  of  a  wall  443  feet 
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long  to  the  end  of  the  breakwater  proper;  this  portion  was  to  haver 
been  built  of  blocks  of  concrete,  weighing  13  tons,  in  jute  aacbs, 
forming  a  retaining-wall,  subsequently  to  be  backed  up  with  a  loose 
filling  to  a  height  of  6  feet  6  inches  above  mean  low  tide.  When 
within  8  to  10  feet  of  the  surface  these  blocks  were  frequently- 
swept  bodily  into  deep  water,  ripping  the  sacks  and  scattering  the 
concrete.  It  was  found  necessary  to  deposit  broken  stone  to  form 
a  slope  or  toe  on  the  sea  front.  The  original  contract  called  for  a. 
top  jffidth  of  26  feet  of  concrete. 

A  Bubseqaent  storm  destroyed  a  good  portion  of  the  work  com-, 
pleted  at  that  time.  It  was  then  determined  to  increase  the  top 
width  and  to  carry  the  structure  to  a  height  of  12  feet  above  water- 
level.  According  to  final  plans,  the  area  of  water  directly  shel- 
tered was  60  acres;  the  breakwater  to  be  run  into  a  depth  of  46 
feet  of  water,  and  having  three  Jetties,  respectively  180,  220,  and 
680  feet  in  length;  and  some  other  moditications  in  length  and 
positions  of  quays  were  made. 

The  construction  of  the  breakwater  was  to  be  made  of  largd 
}>locks  of  concrete  in  sacks,  and  capped  with  concrete  in  mass. 
These  blocks  weighed  as  mijch  as  IGO  tons.  The  lengths  of  the 
lower  tiers  of  socks  were  48  feet;  these  when  deposited  stretched  to 
54  feet.  The  next  series  of  blocks,  which  brought  the  structure  to 
within  8  or  10  feet  of  water-level,  were  40  feet  in  length,  stretching 
to  46  feet.  These  were  deposited  from  hopper -barges.  Blocks  of 
70  tons  in  weight  were  used  to  complete  work  to  water  snrface; 
and  were  deposited  from  large  tippers  running  on  six  lines  of  rails.. 


These  blocks  were  32  feet  in  length,  stretching  to  35  feet,  having  a 
base  of  about  35  square  feet,  and  extended  to  about  3  feet  above 
water-level.  Upon  the  top  of  this  concrete  in  tqass  was  used  to  a 
height  of  12  feet  above  water-level,  finishing  31  feet  in  width. 
This  mass  concrete  was  bonded  into  that  below  in  a  shaft  or  trench 
cut  into  it.  The  concrete  cap  was  built  in  sections  of  40  feet  id 
length,  each  requiring  from  1$  to  2  days  to  complete.     Along  the 
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quays  and  berths  for  vessels  timber  fenders  were  placed  at  inter* 
vala  not  exceeding  8  feet, 

English  Portland  cement  was  used,  the  reqoiremeDt«  being  a 
tensile  strength  of  350  lbs.  per  square  iuch,  and  a  fineness  not  ei> 
ceeding  10  per  cent  residue  on  a  No.  50  sieve  (2500  meshes  per 
square  inch).  The  concrete  was  1  cement,  8  ballast;  the  average 
was  1  to  6,  based  on  total  quantity  of  cement  used,  namely,  150,000 
barrels.  The  concrete  was  mixed  on  ^hore  and  delivered  in  wagons, 
which  were  run  by  a  locomotive  to  the  end  of  tlie  breakwater. 
The  sack  blocks  lay  with  great  accuracy,  and  the  large  ones  did  not 
roll  into  deep  water  to  any  gieat  extent.  Fig.  408  (a)  shows  clearly 
the  construction  of  the  breakwater;  (6)  a  sectiou  of  one  of  the 
quays;  and  (c)  a  section  of  the  sea-wall  at  the  shore  end  of  the 
breakwater. 

Breakwater  at  Copenliagen,  Denmark. — A  novel  construction 
for  a  breakwater  is  shown  in  Figs.  409  («)  and  (6).  The  details  of 
COQBtr notion,  form  of  concrete  blocks,  etc.,  are  shown  in  figures  (c), 
((/),(«),  and  (/).  There  are  no  tides 
at  Copenhagen,  and  the  variation 
in  waterl-evel  above  and  below  the 
mean,  under  the  strongest  winds,  is 
only  about  35  inches. 

The  entrances  to  the  two  basins 
are,  respectively,  134.5  and  361  feet, 
and  these  are  protected  by  break- 
waters. A  300-foot  channel  is  main- 
tained bydredging.  The  qnay-walls 
in  the  basins  are  partly  of  wood; 
some  of  gmnite,  or  concrete  with 
granite  facing,  on  pile  foundations 
where  necessary. 

The  breakwater   is  now    under 
I^'        "'  construction;  the  submerged  portions 

Fio.  408.  a,g  built  of  concrete  blocks.    Where 

the  height  is  under  12  feet  up  to  mean  water-level  only  one 
course  of  blocks  is  used,  above  this  up  to  25  feet  in  height  two 
courses  are  used,  as  indicated  in  Figs.  409  (ft)  and  (a),  respectively. 
'J'he  concrete  blocks  rest  on  a  bed  of  broken  stone  of  2  feet  in  thick- 
ness, the  upper  surface  being  levelled  off  by  divers  to  reoeiTe  the 
blocks.  In  figure  ia)  the  broken  stone  is  placed  on  a  bed  of  giavel. 
filled  in  with  the  dredged  material,  about  4^  feet  thick. 
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Above  the  concrete  blocks  a  Buperstructure  wall  is  composed  of 
quarry-faced  granite  blocks.  It  is  6.16  feet  thick  at  top;  the  crest 
line  is  6.16  feet  above  mean  water-level.  The  gravel  slope  in  front 
of  the  wall  is  paved  with  roagh  granite  stones  as  indicated,  placed 
on  a  layer  of  broken  stones  from  1  to  2  feet  in  thickness.  The 
elope  of  the  paving  is  2  to  1.  On  the  inside  at  the  foot  of  the  wall 
a  footing  of  riprap  is  placed.  The  general  construction  is  clearly 
shown  in  Figs.  409  (a)  and  (b). 

The  blocks  of  concrete  for  the  lower  courses  are  10^^  feet  high, 
10^  feet  thick,  and  8^  feet  measured  along  the  wall.  They  are 
built  hoUow,  as  shown  in  figure  (c).  Each  block  is  of  the  outside 
dimensions  as  given  above.  The  hollow  space  is  5.65  wide  between 
the  side  walls,  which  are  respectively  31  inches  and  24  to  28  inches. 
The  bottom,  of  concrete,  is  18  inches  in  thickness,  joining  the  side 
walls.  These  blocks  are  shown  in  the  bottom  course  figure  (d). 
!Each  block  weighs  39.13  tons. 

The  side  walls  were  tied  together  by  two  partitions  to  each 
block.  These  partitions  are  2f  inches  thick  (see  s  and  s',  figure  {c)  ), 
and  are  composed  of  a  network  of  iron  rods  or  wires,  the  vertical 
ones  0.22  inch  in  diameter,  and  the  horizontal  ones  in  pairs  0.28 
and  0.41  inch  in  diameter  alternately.  The  rods  are  spaced  2} 
inches  centre  to  centre,  and  tied  with  wire  at  their  intersections. 
The  wires  are  built  into  the  side  walls,  as  shown  at  s  and  8\  Thus 
when  the  blocks  are  placed  end  to  end,  instead  of  a  long  hollow 
trough,  there  is  formed  by  the  monier  partitions  alternately  large 
and  small  pockets,  as  shown  at  h  and  s'.  The  wire  partition  is 
filled  and  covered  with  cement  mortar,  1  cement,  3  sand,  and  al- 
lowed to  set  for  a  week  or  more  before  the  partitions  are  put  in 
place.  The  blocks  of  concrete  are  moulded  between  frames  or 
moulds,  the  interior  frames  having  no  bottom  so  that  the  sides 
and  bottoms  can  be  moulded  together,  the  inner  frames  being 
supported  on  sticks  or  rods,  which  extending  through  the  con- 
crete mass  forming  the  bottom,  will  leave  holes  when  removed, 
into  which  2-inch  steel  bolts  are  inserted  by  which  to  lift  the 
blocks. 

These  bolts  bear  against  wooden  strips  moulded  into  the  under 
surface  of  the  blocks.  The  bottom  of  the  blocks  and  the  front 
wall  up  to  3  feet  below  mean  water-level  are  of  concrete,  1  cement, 
4  sapd,  and  7  broken  stone.  The  remainder  of  the  concrete  is  1.3 
and  6  respectively.  The  concrete  blocks  are  faced  near  their  tops 
with  granite  set  in  cement  mortar,  1  cement  to  2  sand,  that  is,  where 
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only  one  course  of  blocks  is  used,  or  in  the  upper  coarse  where  two 
are  reqnired. 

The  large  hollow  Bpacee  k  are  filled  with  sand,  which  increuet 
the  weight  of  each  block  to  53.8  tons.  The  joints  between  the  con- 
crete blocks  in  each  course  are  between  adjoining  partitions  of  adja- 
cent blocks.  A  bond  is  made  at  the  joints  by  inserting  the  key- 
blocks  (e)  of  concrete,  as  iiidicated  in  figore  {(f).  This  key-block 
weighs  4  tons,  and  is  about  'i  feet  thick,  and  moulded  to  fit  between 
the  wire  and  mortar  partitions. 

The  blocks  of  the  upper  course  are  similar  to  those  of  tbe  lower 
course.  There  is  no  bottom  between  the  partitions  and  ends  of 
the  block,  they  therefore  weigh  a  little  less,  the  weight  of  each 
being  34.'J  tons.  These  blocks  have  the  same  length  and  width  w 
for  the  lower  course,  but  are  only  9.83  feet  high.  They  are  set  bo 
as  to  break  joints  with  those  of  the  lower  course.  They  are  keyed 
together  and  boudnd  to  the  lower  course  by  concrete  blocks  (f), 
which  extend  through  the  upper  course  and  to  about  18  inches  into 
the  lower  course,  as  shown  at  (/)in  figure  (d).  Those  keys  weigh 
about  7.3  tons. 

The  drawings  clearly  indicate  the  shape  of  blocks,  keys,  etc., 
and  method  of  construction. 

Tlie  New  Dock'WaU,  Oakland,  California. — In  Fig.  410  is  shown 
a  simple  construction  for  a  dock-wall,  which  consists  essentially  of 
three  rows  of  piles,  anchored  back  by  faorisontal   timbers  to  a 


row  of  land-tie  piles,  supporting  a  string-piece  or  wale  near  the 
top.  and  by  a  strut  brace-pile.  The  main  piles  are  of  the  nsnal  di- 
mensions.  All  wale-pieces  are  8  X  10  or  10  X  12  inches.    Thecourw 
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of  sheet-pile  is  made  of  6  X  12  inch  timbers.  The  novel  features, 
are :  (1)  filling  in  behind  the  pile  bulkhead  with  the  soft  mud  dredged 
from  the  front  to  a  depth  of  23  feet  below  tide,  and  (2)  the  means 
of  protecting  the  piles  from  the  attacks  of  the  teredo.  Creosoting 
has  been  found  to  be  unsatisfactory.  In  this  work  paraffine  has  been 
adopted;  every  stick  is  coated  with  parajfine  on  the  parts  of  its  sur- 
face between  mud  and  low -water  lines.  These  portions  of  the  piles 
are  then  covered  by  strips  of  burlap  soaked  in  paraffine,  and  held 
in  place  with  galvanized  nails;  finally  another  coat  of  paraffine  is 
applied,  and  strips  of  wood,  soaked  also  in  paraffine,  are  nailed  over 
the  burlap  to  protect  it  from  abrasion.  This  work  is  now  under 
construction. 

I'he  foregoing  sections  of  breakwaters,  piers,  and  quays  have  been 
selected  as  typical  structures,  fully  illustrating  the  many  designs 
that  have  been  used,  and  suggesting  such  modifications  as  may  ba 
required  by  local  conditions  and  special  purposes  of  construction. 


ART.  LVII. 

SEA-COAST  DEFENCES—RECLAMATION  OF  LAND. 

1107.'  While  structures  known  as  sea-coast  defences  may  not 
have  exactly  the  same  object  in  view  as  those  for  the  reclamation 
of  land,  yet  they  are  similar,  and  the  general  character  of  the  works 
are  the  same  for  both.  They  will  therefore  be  considered  in  the 
same  connection. 

Sea-coast  defences  have  for  their  main  objects  the  protection  of 
the  coast  from  the  undermining  action  of  the  sea,  and  preventing 
the  continuous  changes  in  the  configuration  of  the  coast-line,  as 
well  as  enabling  the  utilization  of  certain  portions  of  the  land  ren- 
dered useless  by  the  incursion  of  the  sea  in  high  tides  and  storms. 

It  may  be  stated  generally,  that  all  coast-lines  are  in  a  continual 
state  of  change  from  the  action  of  the  sea.  The  general  effect  is 
to  wear  down  promontories  and  to  fill  up  bays  and  estuaries.  The 
opposite  effect  is  sometimes  observed  under  the  action  of  special 
currents,  combined  with  small  wave-power. 

These  materials  after  being  ground  down  into  small  fragments 
and  sand  are  drifted  and  transported  by  the  sea  currents  and  de- 
posited in  various  localities,  where  the  currents  are  checked  either 
by  natural  or  artificial  obstructions,  or  by  meeting  with  other  oceanic 
or  river  currents.    At  such  places  these  suspended  materials  aier 
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deposited  in  the  order  of  their  sizes  and  specific  graTity,  le^ 
siiItiDg  in  the  formation  of  sand  banks^  bars,  etc.  The  resalt  is 
the  retreat  of  the  land  in  some  places  and  advance  seawards  in 
others. 

1108.  Coast  currents  are  caused  by  differences  in  temperature, 
which  are  greatly  lessened  near  the  land.  The  main  cause  of  strong 
coast  currants,  such  as  move  sand  and  gravel  and  shingle,  is  the 
wind.  Such  currents  therefore  change  with  the  direction  of  the 
winds,  but  are  stronger  in  the  direction  of  the  prevailing  winds,  so 
called.  Coast  currents  thus  formed  often  have  a  velocity  of  as 
much  as  6  feet  per  second,  and  extend  to  a  depth  of  30  feet. 

When  the  wind  blows  nearly  perpendicularly  on  a  sandy  coast, 
it  drives  the  sand  onward,  which,  when  stopped  from  any  cause, 
forms  into  sand-hills  or  regular  chains  called  dunes.  If  an  oblique 
wind  blows  on  such  dunes,  it  erodes  the  seaward  face,  carrying  a 
portion  of  the  sand  inland  and  another  portion  along  the  face  ;  if 
there  are  openings  in  the  front  dunes  the  sand  rushes  through  them, 
Tesulting  in  the  formation  of  other  dunes  inland.  In  this  manner 
are  formed  sandy  wastes  of  great  extent.  This  effect  can  best 
be  prevented  by  planting  the  dunes  with  vegetation,  or  by  careful 
protection  of  them  with  mattresses  or  other  means  already  de- 
scribed for  preventing  erosion,  scour,  or  caving,  or  by  the  construc- 
tion of  works  such  as  groins,  which  are  run  out  at  right  angles  to 
the  coast ;  these  not  only  interrupt  the  travelling  of  the  materials 
of  the  beach  along  the  shore  caused  by  oblique  waves,  but  also 
cause  a  permanent  deposit  of  such  materials,  and  if  gradually  ex- 
tended seaward  in  shallow  water  result  in  a  gain  of  ground  from 
the  sea. 

After  the  spaces  between  the  groins  are  filled  the  travelling  of 
sand  and  shingles  goes  on  past  their  ends  as  before.  They  can  only 
be  of  temporary  advantage,  especially  when  not  distributed  over  a 
long  line  of  the  coast. 

Sea-walls  either  with  long  slopes  or  with  vertical  or  slightly 
sloping  faces  have  been  described  and  discussed  in  the  preceding 
article. 

A  sea-wall  is  sometimes  made  of  earth,  and  is  given  a  long  flat 
slope  seaward,  this  slope  varying  from  3  to  1  to  12  to  1.  The  top 
is  usually  fiat  and  wide  enough  for  a  carriageway  and  foot-walks. 
Its  top  should  not  be  less  than  about  6  feet  above  high-water  surface 
of  spring-tides,  and  generally  should  be  above  the  reach  of  the 
waves.     The  inner  slope  is  steeper  than  the  outer,  and  varies  from 
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1^  to  1  to  3  to  1.  The  seaward  slope  should  be  paved  with  stone^ 
fascines^  or  mattress-work.  The  inuer  slope  should  also  be  paved 
with  stone  if  the  waves  break  over  the  top  of  the  dike,  otherwise  it 
may  be  sodded.  It  is  common  to  build  a  hearting  formed  of  layers, 
of  fascines,  forming  a  rectangular  wall,  over  and  atound  which  the 
eaii;h  is  placed  and  packed. 

In  constructing  a  sea-wall  along  a  sinuous  coast  the  wall  may 
follow  the  coast-line  along  or  near  the  high-water  line.  It  will, 
however,  be  often  found  advantageous  to  carry  the  wall  straight 
across,  for  although  greater  depths  of  water  will  be  found  and  con- 
sequent higher  and  more  stable  walls  required  to  withstand  th& 
heavier  surf,  there  will  be  a  saving  in  the  length,  and  portions  of 
the  wall  presenting  concave  surfaces  in  horizontal  directions  will  be 
avoided,  also  preventing  thereby  the  concentration  and  destructive 
action  of  wave-force. 

1109.  Reclamation  of  Land, — The  reclamation  of  dry,  arid,  and 
waste  lands  by  means  of  irrigation  has  been  fully  discussed  under 
the  heafl  of  Irrigation.  The  present  reference  is  made  to  the  rec- 
lamation of  lands  where  the  main  object  is  to  keep  away  the  excess, 
of  water  caused  by  overflow  from  rivers  and  seas,  and  the  removal 
of  water  from  rainfall  on  such  protected  areas  and  drainage  from 
surrounding  highlands. 

1110.  Large  areas  of  land  exist  having  no  present  worth,  which 
can  be  rendered  valuable  and  productive  by  simple  drainage.  Oftea 
d  simple  system  of  underground  tile-drains,  properly  arranged  with 
respect  to  main  and  lateral  drains,  will  answer  every  purpose;  and 
extensive  areas  are  thus  treated  in  many  parts  of  the  country. 

An  intersecting  network  of  small  open  drains  or  ditches  i» 
often  resorted  to  with  good  results.  Large  tracts  of  what  is  often 
called  marshy  lands  can  be  reclaimed  by  one  or  two  main  canals,, 
into  which  lead  smaller  canals  or  ditches,  and  into  these  latter 
either  small  open  drains  or  underground  tile-drains,  each  propor- 
tioned in  number,  dimensions,  and  capacity  to  the  areas  served  by 
them.  All  cases  present  little  if  any  difficulties,  and  only  require 
the  exercise  of  good  judgment  and  the  expenditure  of  more  or  less 
money. 

The  reclamation,  or  rather  protection,  of  land  along  rivers- 
which  annually  or  oftener  overflow  their  banks  and  flood  the  ad- 
jacent lands  on  either  side  presents  no  special  difficulties  when 
situated  above  tide-level,  and  only  involves  the  necessary  outlay  in 
the  construction  and  maintenance  of  embankments  or  levees  along 
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the  banks  of  the  stream  of  sufficient  height  and  stability  to  preTent 
the  water  flowing  over  their  tops  or  breaking  a  passageway  or 
crevasse  through  them.  And  the  failure  thus  to  protect  the  lands 
along  many  of  our  rivers,  notably  the  Mississippi  (apart  from  any 
consideration  of  the  effect  of  levees  in  maintaining  a  navigable 
channel  in  the  river,  and  from  any  considerations  as  to  whether 
levees  raise  the  bed  of  the  streams  and  the  level  of  high-water  sur- 
face), is  not  due  to  the  system  adopted,  but  mainly  arises  from 
the  ignorance,  and  doubtless  often  from  the  dishonesty,  of  those 
entrusted  with  their  construction,  in  using  either  inferior  materials 
or  in  the  improper  design  of  the  works  as  to  heights,  thickness, 
and  inclination  of  the  slopes  of  the  levees,  or  from  an  attempt 
to  make  a  limited  sum  of  money  cover  too  much  ground.  That 
such  lands  can  be  protected  by  properly  designed  and  constructed 
works  is  not  denied.  Along  such  rivers  it  is  commonly  found 
that  the  land  is  higher  and  more  valuable  along  the  river  than 
at  distances  from  it.  This  sloping  of  the  ground  from  the  rivers 
towards  the  interior  is  favorable  for  the  drainage  of  the  surface 
water,  which  is  thus  carried  into  low  and  less  valuable  land,  where 
it  can  find  some  outlet,  or  where  it  remains  without  any  special 
damage  until  the  flood  in  the  river  subsides,  and  is  then  carried 
off  through  the  natural  channels. 

Where  such  is  not  the  case,  it  is  a  matter  of  no  very  great  ex- 
pense to  cut  canals  or  storage-basins  of  sufficient  capacity  to  hold 
the  usual  quantity  of  local  rainfall  during  the  period  of  high  water, 
and  discharge  the  same  through  conduits  and  sluices  at  a  lower 
stage  of  the  water  in  the  river. 

Such  levees  usually  follow  close  to  the  banks  of  the  stream,  for 
the  reason  that  being  on  the  highest  ground  their  construction  is 
less  costly,  and  the  further  reason  that  the  most  valuable  land  is 
near  to  the  river.  Lands  whose  surface  is  below  the  tide-level, 
in  addition  to  the  usual  submergence  resulting  from  floods,  are 
daily  overflowed  by  the  rising  tide.  The  method  of  reclamation  is 
still  by  means  of  levees;  and  unless  the  lay  of  the  ground  is  such 
that  the  surface  water  can  be  stored  and  freely  discharged  at  low 
tide,  it  becomes  necessary  to  remove  this  water  by  pumping,  which 
entails  an  additional  and  permanent  annual  expense.  For  this 
reason  it  is  recommended,  and  often  resorted  to,  that  the  land  be 
raised  as  much  as  possible  by  warping,  or  deposition  of  sediment 
from  the  tidal  water,  which  is  accomplished  by  covering  the  land 
to  be  reclaimed  by  a  system   of  wattled   longitudinal  dikes  and 
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Iransyerse  groins.  When  thus  raised^  or,  as  is  sometimes  the  case, 
raised  hj  filling  in  with  material  obtained  by  dredging  from  the 
adjacent  stream  or  elsewhere,  the  land  is  enclosed  with  levees  or 
^ea-dykes. 

Where  tributary  streams  flow  through  the  land  to  the  main 
stream,  it  will  be  necessary  to  build  levees  along  both  of  its  banks 
also. 

1111.  The  most  difficult  conditions  for  land  reclamation  exist 
where  the  land  is  well  below  the  high-water  sea-level — ^notably  in 
Holland.  In  such  cases  high  and  expensive  sea-walls  have  to  be 
constructed  and  maintained,  and  in  addition  all  drainage-water  has 
to  be  pumped  out.  This  calls  for  an  extensive  system  of  drainage- 
canals  and  storage-basins,  an  expensive  pumping-plant,  and  an  an- 
nual expense. 

The  following  gives  an  idea  of  the  lay  of  the  lands  in  relation 
to  each  other  and  to  the  sea-level,  with  the  conditions  and  systems 
of  drainage  adopted  in  Holland. 

The  total  area  which  drains  into  the  general  bosom  of  Rhine- 
land  is  302,600  acres.  Of  this  only  26,740  acres  {-^  of  the  whole) 
^^onsists  of  highland,  and  this  lies  within  the  district  of  the  sand- 
hills along  the  coast.  Also,  35,689  acres  are  bosom-lands— called 
highlands  in  Holland,  although  their  average  level  is  ten  inches 
below  the  mean  level  of  the  sea.  Then  there  are  231,170  acres 
called  polders,  or  lowlands,  which  lie  from  3^  to  5  feet  below  mean 
sea-level;  and,  lastly,  9000  acres  which  constitute  the  area  of  the 
bosom  canals  and  lakes. 

The  bosom-lands  contain  the  canals  and  lakes.  The  water  is 
pumped  from  the  polders  or  lowlands  into  the  bosom-canals,  and  is 
carried  by  these  to  the  rivers  or  sea,  passing  through  sluices  at  the 
sea  ends.  The  bosom-lands  are  sometimes  flooded,  thereby  secur- 
ing additional  reservoir  space,  supplementing  that  afforded  by  the 
bosom  canals  and  lakes.  These  together  form  the  general  bosom  of 
a  district.  Pumping  from  the  polders  or  lowlands  never  ceases,  un- 
less the  water  rises  to  such  a  height  on  the  bosom-lands  that  there 
is  danger  of  breaking  through  the  banks  or  levees  which  separate 
them  from  the  lowlands.  Should  these  banks  give  way,  all  the 
water  stored  over  the  bosom-lands  would  at  once  flow  over  and  in- 
undate the  polders. 

Rather  than  run  this  risk  the  pumps  are  stopped  and  the  rainfall 
is  allowed  .to  accumulate  on  the  lowlands  for  a  time;  consequently 
the  flooding  of  the  polders  is  of  the  rarest  occurrence.     No  diminu- 
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tion  in  the  area  of  the  bosom-lands  would  be  allowed  in  Holland^ 
as  by  reducing  the  storage  capacity  the  whole  of  the  lowlands 
would  be  liable  to  be  inundated ;  whereas  now,  by  the  simple  expe- 
dient of  stopping  the  pumps,  this  can  be  prevented,  except  on  rare 
and  unusual  occasions.  All  questions  of  stopping  the  pumps  and 
other  matters  connected  with  the  drainage  and  protection  of  the 
country  from  overflow  is  strictly  and  rigidly  regulated  by  law,  and 
proper  boards  and  officers  are  appointed  to  see  that  the  law  is  strictlj 
enforced  and  complied  with. 

1112.  The  Reclamation  of  Haarlem  Lake. — Haarlem  Lake,  a 
commune  of  the  Province  of  North  Holland,  has  an  area  of  46,000 
acres;  the  portion  originally  covered  by  water,  forming  a  lake,  was 
42,000  acres.  The  average  depth  of  the  lake  was  about  13.1  feet. 
As  there  was  no  natural  outfall  by  which  the  drainage  of  the  lake 
could  be  effected,  it  became  necessary  to  resort  to  pumping  to  ac- 
complish the  object  sought. 

The  first  step  was  to  dig  a  canal  around  the  lake  for  the  recep- 
tion of  the  water  and  the  accommodation  of  the  large  amount  of 
traffic  which  had  been  previously  caTried  on.  This  canal  is  38 
miles  long,  with  a  depth  of  9  feet,  with  widths  varying  from  115  to 
130  feet,  and  enclosing  an  area  of  70  square  miles.  It  was  esti- 
mated that  1,000,000,000  tons  of  water  would  have  to  be  raised  by 
mechanical  means.  An  engine  having  a  capacity  of  112  tons  at 
each  stroke  and  discharge  of  1,000,000  tons  in  25^  hours  was 
erected,  the  cost  of  machinery,  pumps,  etc.,  was  about  ♦180,000. 
Two  other  engines  of  equal  size  and  power  were  subsequently  con- 
structed.    Work  was  commenced  in  the  year  1840  a.d. 

The  pumping  commenced  in  1848,  and  the  lake  was  dry  by  the 
middle  of  the  year  1852. 

The  total  area  recovered  from  the  water,  42,000  acres,  was  at  a 
cost  of  about  15,400,000,  and  was  sold  for  about  $3,900,000,  leaving 
an  actual  expenditure  on  the  part  of  the  government  of  #1,500,000 
nearly — a  trifling  expenditure  compared  with  the  valuable  results 
attained. 

1113.  The  size  of  Holland  has  been  and  is  in  a  state  of  perpet- 
ual increase  and  diminution.  From  1833  to  1877  there  were  more 
than  1,000,000  acres  reclaimed  by  impoldering  and  drainage  from 
inundations  which  have  taken  place  in  some  portions  of  the  conn- 
try  only  at  long  intervals  varying  from  40  to  150  years;  but,  taking 
the  country  in  general  at  periods  of  11  years'  interval;  there  has 
been  lost  nearly  1,500,000  acres.    Between  1850  and  1864  some 
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680,000  acres  have  been  reclaimed  by  endiking.  There  is  now  a 
system  of  dikes  or  ramparts  by  means  of  which  this  large  area  has 
been  reclaimed,  and  behind  which  the  country  lies  in  comparative 
security.  The  present  coast  defences  consist:  (1)  of  sand  banks  or 
dunes  indicating  the  direction  of  the  ancient  lines  of  dunes;  (2)  of 
dikes  along  the  low  coasts  of  sea  clay,  enclosing  also  land  reclaimed 
from  the  sea;  and  (3)  of  some  highlands  which  rise  high  enough 
above  the  sea-level  to  render  the  employment  of  dikes  unnecessary. 

1114.  The  breadth  of  the  line  of  dunes  along  the  west  and  north- 
west coast  is  from  600  to  7000  feet;  the  average  height  of  the  dunes 
is  from  50  to  60  feet,  though  in  some  cases  as  much  as  195  feet. 

As  already  mentioned,  the  tendency  is  to  wear  away  the  seaward 
slope  of  the  dunes,  the  material  being  carried  or  diifted  on  the 
landward  side,  except  where  this  has  been  prevented  by  planting 
vegetation  or  sand  oats.  These  dunes  are  practically  continuous; 
in  some  places  they  have  been  replaced  by  dikes. 

The  sea-dikes  are  found  along  the  northern  coasts,  the  coasts  of 
the  provinces  which  border  on  the  Zuyder  Zee,  and  the  coast  of  the 
islands  of  Zealand  and  South  Holland,  where  not  protected  by  dunes. 
Practically  the  entire  country  is  protected  by  dikes  or  dunes,  there 
being  only  a  few  places  that  are  high  enough  to  need  no  protec- 
tion. 

The  earthen  dikes  are  protected  from  the  action  of  winds  and 
waves  by  paving  the  slopes  with  stones  and  by  piles;  and  also  at  the 
more  exposed  and  dangerous  portions  by  ^*  zinkstuki^en,"  which, 
are  structures  made  of  bulrushes,  reeds,  and  branches,  sunk  and 
weighted  with  stone — something  similar  to  the  crib  or  mattress 
construction  used  in  jetties.  These  are  sunk  in  circuits  measuring- 
some  400  yards,  by  means  of  which  the  current  is  to  some  extent 
turned  aside. 

The  West  Eappel  dike  is  12,468  feet,  or  2.4  miles,  long  and 
23  feet  high,  with  a  seaward  slope  of  300  feet,  which  is  protected 
by  rows  of  piles  and  basalt  blocks.  Its  top  width  is  39  feet,  on 
which  is  a  roadway  and  also  a  service  railway.  There  are  some 
1550  or  more  miles  of  sea  dikes,  requiring  an  enormous  expense  for 
maintenance. 

RECLAMATION   OF   THE   P(Tt0MAC   FLATS. 

1115.  The  Potomac  flats,  near  Washington,  D.  C,  have  in* 
creased  in  area  to  a  considerable  extent,  and  have  been  rendered  a 
great  nuisance  by  the  discharge  of  a  large  amount  of  sewage  upon 
them. 
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The  queBtion  was:  (1)  Should  the  fiats  be  filled  up  aboTe  tue 
level  of  overfiow,  (2)  dug  out  so  as  to  form  a  large  area  of  deep 
water,  or  (3)  should  they  be  diked  in  and  pumped  out  ? 

It  was  finally  decided  to  fill  the  fiats  to  a  level  about  6  feet  above 
low  tide,  and  protect  them  from  overfiow  by  an  embankment,  and 
to  construct  over  a  portion  of  the  area  to  be  reclaimed  a  high  grade 
filling  and  sluicing  ponds,  between  Long  Bridge  and  Easby's  Point. 
The  low  grade-filling  below  Long  Bridge  was  modified  subsequently 
to  a  fill  of  3  feet  above  the  freshet  line,  along  the  axis  of  tliis  area, 
sloping  o&  to  about  6  feet  at  low  tide.  For  the  fiushing  ponds  a 
single  lake  or  reservoir  was  substituted. 

The  total  area  reclaimed  was  625  acres,  calling  for  12,000,000 
cubic  yards  of  material,  the  greater  part  of  which  was  to  be  taken 
from  the  bed  of  the  river. 

The  dredging  was  done  at  first  in  the  ordinary  way,  the  material 
being  emptied  from  the  dredge-buckets  into  bottom-dumping  scows, 
then  carried  to  a  receiving-basin,  again  dredged  up  and  deposited 
into  cars  holding  10  cubic  yards  each,  and  hauled  in  train-loads  of 
10  cars  by  a  locomotive  running  on  trestlework  built  for  the  purpose 
to  the  final  place  of  deposit.  The  trestle  costs  at  the  rate  of  2  cents 
per  cubic  yard  of  material  hauled  over  it,  when  deposited  to  a  depth 
of  6  feet.  It  was  attempted  to  spread  the  material  over  the  flats 
after  being  dumped  from  the  cars  by  means  of  a  Worthington 
force-pump,  the  water  being  forced  through  a  4-inch  wrought-iron 
pipe  with  hose  and  nozzle  attached.  This  did  not  prove  satisfac- 
tory. The  firat  lift  of  the  material  was  from  a  depth  of  18  feet 
below  tide  to  8  feet  above.  After  depositing  into  the  receiving- 
basin,  a  lift  of  28  feet  was  required  to  place  the  material  in  the 
€ars,  which,  adding  the  grade  on  the  trestle,  required  an  aggregate 
lift  of  60  feet,  whereas  the  required  effective  lift  only  averaged 
About  21  feet.  The  price,  including  profits,  was  21.2  cents  per 
cubic  yard,  scow  measurement.  The  protection  embankments  were 
built  at  the  same  time.  They  were  econstructed  in  water  from 
2  to  4  feet  deep  at  low  tide.  A  light-draught  clam-shell  dredge 
was  first  used  to  put  a  trench  along  the  line  of  the  bank  or  levee, 
depositing  the  material  on  the  proper  site.  Stone  was  then  thrown 
into  the  trench,  forming  a  r^dge  9  feet  high,  with  slopes  of  1  to  1. 
The  trench  was  then  widened  and  deepened,  the  material  being 
carried  in  chutes  resting  on  a  scow,  or  a  dredge  with  a  long  boom 
was  used.  With  the  chutes  the  material,  softened  by  handling  and 
aided  with  a  jet  of  water,  would  run  200  to  300  feet  beyond  its  end 
from  an  embankment  with  a  flat  slope. 
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After  the  first  cut  was  made  with  the  ordinary  dredge  an  endless 
chain  dredge  was  used/ by  which  the  material  was  lifted  to  a  height 
of  about  12  feet  and  dropped  into  a  hopper,  from  which  it  was  fed 
to  a  conveyor  and  carried  to  the  place  of  deposit.  The  conveyor 
was  a  line  of  little  cars  forming  the  links  of  an  endless  chain,  sup- 
ported on  a  frame  built  on  scows.  By  this  method  the  embank- 
ments were  raised  12  to  15  feet  above  low  tide. 

This  work  extended  over  a  period  of  seven  or  eight  years,  about 
8^  miles  being  built.  The  material  was  mainly  soft  alluvium  with 
some  sand.  Where  the  material  was  very  soft,  time  had  to  be  given 
ior  it  to  harden,  causing  the  progress  to  be  slow. 

The  stone  in  the  trench  formed  a  footing  for  the  embankment, 
and  a  foundation  for  a  dry  wall  constructed  above.  This  wall  was 
built  6  feet  above  low  water,  with  the  back  vertical;  it  was  5  feet 
thick  at  base  and  3  feet  at  top.  The  cost  was  11.70  for  the  stone 
and  $1.45  for  the  labor  per  cubic  yard,  or  a  total  of  $2.80  per  linear 
foot  of  wall. 

The  hydraulic  dredges  used  are  described  below.  These  ma- 
terially reduced  the  cost  of  lifting  and  spreading  the  material. 

1116.  Hydraulic  Dredging, — In  this  method  of  dredging  the 
material  is  excavated  from  the  bed  of  a  river  or  other  body  of  water 
and  deposited  on  shore  with  one  operation. 

Mounted  on  a  scow  is  a  large  rotary  pump,  from  which  is  led  an 
iron  suction  pipe  with  flexible  joint  to  the  bottom  of  the  stream. 
That  part  leading  under  the  water  is  capable  of  being  moved  about 
a  centre,  the  end  describing  an  arc  of  a  circle.  The  discharge  pipe 
is  made  in  sections  connected  with  flexible  joints  and  carried  to 
the  shore  on  pontoon  supports.  Rubber  joints  are  expensive,  but 
are  much  more  durable  than  canvas  or  other  cheap  material.  Under 
favorable  circumstances  30  to  40  per  cent  of  the  volume  pumped 
would  be  solid  matter,  but  such  large  quantities  did  not  give  good 
results.  With  engines  making  125  revolutions  per  minute,  the 
material  was  more  easily  handled  when  containing  only  10  to  20  per 
cent.    See  also  supplement. 

Working  in  soft  materials,  one  dredge  averaged  350  cubic  yards 
per  hour  for  days,  the  length  of  the  discharge-pipe  being  3000  feet, 
and  height  above  water-level  6  to  12  feet.  On  one  occasion  800 
cubic  yards  per  hour  were  deposited  at  a  height  of  10  feet  above 
mean  low  tide  and  at  a  distance  of  1200  feet.  Clay  in  passing 
through  the  pipes  would  be  formed  into  balls  about  5  inches  in 
diameter,  and  bowlders  as  large  as  a  man^s  head  have  been  forced 
through.    A  certain  amount  of  sand  and  gravel  could  be  handled 
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when  mixed  with  mud  or  clay;  but  pure  clay  could  not  be  handled 
with  advantage^  as  it  cut  away  the  shell  of  the  pumps  yery  rapidly. 
In  sand  the  discharge-pipes  were  also  apt  to  fill  up  so  as  to  largely 
reduce  their  capacity,  sometimes  entirely  choking  up  the  pipes. 
Under  ordinary  circumstances  the  yelocity  of  discharge  of  water 
was  10  to  15  feet  per  second. 

By  this  method  5,000,000  cubic  yards  of  material  were  dredged 
and  deposited  on  the  flats  at  a  cost  of  12.37  to  15.45  cents  per  cubic 
yard.  With  the  Riker  pump  the  cost  was  from  13  to  14.5  cents 
per  cubic  yard. 

Converting  place  measurement  into  scow  measurement  on  the 
basis  of  20  per  cent  excess,  the  average  price  for  the  whole  work, 
9,437,523  cubic  yards,  would  be  11^  cents,  including  contractors' 
profit,  or  a  little  more  than  one  half  the  cost  of  the  same  work  done 
by  means  of  scows  and  railroads  on  trestles.  The  filling  of  marshes 
in  proximity  to  cities  will  often  pay  the  cost  from  the  enhanced 
value  of  the  land  created,  in  addition  to  the  benefits  derived  from 
improved  sanitary  conditions. 

With  a  moderate  quantity  of  sand  the  settlement  of  the  material 
after  being  deposited  was  small;  but  with  pure  mud  the  settle* 
ment  was  from  2  to  3  feet  in  three  years,  and  1^  feet  additional  in 
seven  years. 

See  an  article  in  Engineering  Record ^  Dec.  16, 1893. 

ART.  LVIII. 

CANALS. 

1117.  Canals  may  be  classed  under  the  following  heads:  (1) 
Navigable  Canals,  (2)  Irrigation  Canals,  and  (3)  Drainage  Canals. 

Navigable  canals  may  be  divided  into  two  classes:  (1)  Ordinary 
or  Boat  Canals,  and  (2)  Ship  Canals. 

1118.  Ordinary  or  Boat  Canals. — Small  canals  of  great  length, 
and  calling  forth,  perhaps,  the  highest  order  of  engineering  ability, 
skill,  and  energy,  have  been  constructed  in  many  countries,  and 
enormous  sums  of  money  spent  in  their  construction. 

They  served  a  valuable  purpose  in  their  time,  and  in  many 
cases  are  still  doing  good  and  remunerative  service.  Many  have 
been  entirely  abandoned,  some  have  been  enlarged,  or  the  en- 
largement is  contemplated.  The  Legislature  of  New  York  has 
recently  appropriated  $9,000,000  for  the  improvement  and  enlarge- 
ment of  the  Erie  Canal.  But  it  may  be  said  with  safety  that  the 
construction  of  new  canals  of  this  kind  has  almost  entirely  ceased. 
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.^nd  is  not  likely  to  be  taken  np  again  in  the  near  future^  if  ever. 
4Sach  means  of  carrying  on  traffic  haying  been  almost  entirely  super- 
seded by  railways.  It  is  not,  therefore,  deemed  necessary  to  discuss 
the  question  of  small  nayigable  canals,  paiticularly  as  the  general 
principles  involyed,  the  character  of  construction,  and  the  difficul- 
ties encountered  and  to  be  overcome  are  similar  in  every  respect  in 
the  case  of  large  ship-^canals,  to  which  subject  more  than  the  usual 
discussion  will  be  given,  as  this  is  a  living  and  important  question 
and  one  likely  to  be  developed  to  a  very  great  extent.  And  in  the 
main,  except  in  the  niagnitude  of  the  works  required,  what  will  be 
said  will  be  equally  applicable  to  small  canals. 

1119.  Ship-canals, — The  construction  of  ship-canals,  though 
confined  to  a  comparatively  recent  period,  is  by  no  means  a  new 
question,  as  more  than  one  ship-canal  was  contemplated,  surveyed, 
and  even  partly  constructed,  thousands  of  years  ago.  The  more  im- 
portant works  of  the  kind  have,  however,  been  commenced  and  com- 
pleted in  the  past  century,  mainly  in  the  last  thirty  or  forty  years. 

While  ship-canals  are  generally  considered  as  large  canals  cut- 
ting across  some  narrow  neck  of  land  in  order  to  afford  a  short 
passage  from  one  sea  to  another,  or  between  two  portions  of  the 
same  sea,  thereby  shortening  by  many  thousands  of  miles  the  dis- 
tance by  water  between  important  commercial  centres,  and  in  avoid- 
ing long  and  dangerous  trips  around  continents,  as  the  name 
implies,  they  are  equally  applicable  to  inland  navigation,  to  and 
from  the  sea,  recent  examples  of  which  will  be  given. 

For  convenience  ship-canals  will  be  considered  under  three 
classes : 

(1)  Canals  which,  in  passing  from  sea  to  sea,  or  from  a  sea  to 
some  inland  point  of  importance,  have  to  traverse  high  districts  re- 
quiring the  construction  and  use  of  locks  to  overcome  differences 
of  elevation ; 

(2)  Canals,  commonly  called  sea-level  canals,  which  only  have 
to  traverse  low-lying  districts  having  a  uniform  water-level  from 
end  to  end — having  storm  or  tidal  locks  only  at  the  ends,  which 
defend  the  canal  from  waves  and  storms,  and  retain  the  water  in 
the  canal  at  low-tide  level; 

(3)  Canals,  without  locks  even  at  the  ends,  which  communicate 
freely  with  the  sea,  from  which  its  water-supply  is  derived. 

Examples  of  the  first  class  are  found  in  the  Langnedoc  Canal  in 
France;  the  Caledonian  Canal  in  Scotland;  the  proposed  and  partly 
-constructed  Panama  Canal,  Central  America,  under  the  last  plan  of 
construction;  and  the  Nicaragua  Canal,  Central  America,  which  last 
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canal  has  been  carefully  surTeyed,  and  a  considerable  earn  of  monej^ 
16,000,000  to  $8,000,000,  has  been  spent  upon  its  construction,  and 
is  now  the  one  canal  for  the  early  construction  of  which  earnest 
efforts  are  being  made  to  raise  the  requisite  funds;  and  the  re- 
cently completed  Manchester  Canal,  connecting  the  city  of  Man- 
chester with  the  Atlantic  Ocean. 

Of  the  second  class :  the  canals  of  Holland ;  the  proposed  PaM&ma 
Canal  under  one  plan  of  construction,  and  several  other  proposed 
routes  connecting  the  Caribbean  Sea  and  the  Pacific  Ocean  across  the 
narrow  neck  of  land  connecting  Central  and  South  America;  and 
the  North  Sea  and  Baltic  Sea  Canal,  Germany,  recently  completed* 

Of  the  third  class,  the  more  notable  examples  are  the  already 
constructed  Suez  Canal,  connecting  the  Mediterranean  Sea  and  the 
Red  Sea  across  the  Isthmus  of  Suez,  and  the  Corinth  Canal,  Greece. 

1120.  The  Caledonian  Canal. — The  location  of  this  canal  was 
selected  on  account  of  a  chain  of  fresh-water  lakes  which  offered 
great  facilities  for  inland  navigation.  The  total  distance  across  is 
about  60  miles,  of  which  the  lakes  constitute  about  37  miles,  leav- 
ing 23  miles  as  the  length  of  canal  required.  The  canal  was  to  be 
120  feet  wide  at  top-water  surface,  50  feet  at  bottom,  and  ?0  feet 
deep.  The  locks  are  170  feet  long  and  40  feet  wide.  The  general 
lift  at  each  lock  is  about  8  feet.  There  are  about  25  locks  used  in 
the  ascent  and  descent  together.  Vessels  160  feet  long,  38  feet 
beam,  and  17  feet  draught  can  be  accommodated.  The  work  was 
completed  in  1823,  and  at  a  cost  of  about  15,000,000. 

The  Manchester  Ship-canaly  England, — Table  of  distances  and 
water-levels : 


Distances 

from 

Eastbam 

Locks, 

miles. 

Length  of 

Sections, 

miles. 

BiseinLodu. 

Section. 

Uft  at  each 
Lock. 

Above  Mean 
Tide  in  Htnej 
Estuarj,  feet 

Eastham 

21 

88f 
3di 

21 
7i 
2 

1* 

16.5 
16.0 
15,0 
18.0 

9.5 

Liitchford 

26.0 

Irlam 

42.0 

Mode  Wheel 

67.0 
70.0 

Minimum  depth  of  canal  =  26  feet 

From  Manchester  to  Barton,  bottom  width  170  feet;  from  Barton  to  fast* 
ham,  bottom  width  120  feet,  top  width  172  feet. 

Dimensions  of  three  tidal  locks,  placed  side  by  side  at  the  Eastbam 
entrance  in  the  Mersey  River :  One  600  feet  long  by  80  feet  wide ;  one350feeV 
long  by  50  feet  wide ;  one  150  feet  long  by  80  feet  wide. 
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Similar  locks  are  placed  at  other  poiuts^  except  that  they  are 
without  storm  gates. 

This  oanal  is  crossed  by  a  number  of  swing-bridges.  These 
have  generally  a  long  and  short  arm,  148  and  111  feet  respectively. 
The  swing-bridge  carrying  the  Bridgewater  Canal  over  the  ship- 
canal  is  the  largest  and  most  novel  in  construction.  This  is  a  trough 
built  of  f-inch  plates  and  angles;  extreme  length  of  main  girders^ 
234^  feet;  widths  centre  to  centre  of  girders^  22i  feet;  the  depth 
at  the  middle  is  33  feet,  tapering  to  28}  feet  at  the  ends  The 
tank  is  19  feet  wide  and  7  feet  deep  to  the  timber  fender  rails. 

This  aqueduct  is  always  swung  full.  This  is  accomplished  by 
iron  gates  on  the  bridge  and  at  the  shore  ends  of  the  canal.  The 
water-tight  joint  on  the  bridge  is  made  by  a  steel  V  piece  closing  on 
a  flat  steel  bar.  To  make  a  joint  between  the  bridge  and  the  canal 
a  U-shaped  wedge,  2  feet  wide  and  corresponding  to  the  section  of 
the  canal,  is  used.  To  open  the  swing-bridge  the  gates  on  the  canal 
and  bridge  are  closed.  These  leave  a  short  section  between  the 
gates  on  the  bridge  and  canal.  From  these  sections  the  water  is 
allowed  to  escape.  The  U-shaped  wedge,  which  weighs  12  tons,  is 
then  lifted  clear  from  the  tapering  seat  upon  which  it  rests  by 
means  of  four  hydraulic  jacks;  the  clearance  thus  afforded  allows 
the  bridge  to  swing. 

The  total  amount  of  excavation  required  was  53,500,000  cubic 
yards.  Of  this  12,000,000  was  rock  of  various  degrees  of  hardness, 
mainly  removed  by  regular  excavation,  but  partly  by  dredging. 
The  remaining  softer  material  was  partly  excavated  and  partly 
dredged.  The  rate  of  excavation  varied  from  750,000  to  1,250,000 
cubic  yards  per  month. 

All  quays  and  walls  were  built  of  brick  or  concrete.  The  total 
brickwork  contains  175,000  cubic  yards,  and  concrete  1,250,000  cu- 
bic yards;  in  addition  220,000  cubic  yards  of  masonry  in  piers  and 
abutments. 

Six  years  were  consumed  in  the  construction.  The  total  cost 
has  been  given  at  from  $65,000,000  to  $80,000,000. 

The  two  just  described  are  good  examples  of  canals  of  the  first 
class. 

Considering  the  want  of  information  and  experience  derived 
from  studying  the  construction  of  similar  works,  the  difficulties  of 
rendering  available  the  Highland  lakes,  and  the  works  surmount- 
ing the  summit  level,  the  Caledonian  Canal  is  a  monument  to  the 
skill  and  originality  of  Telford,  under  whose  supervision  the  canal 
was  designed  and  constructed. 
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The  main  purpose  in  constructing  this  canal  was  the  saving  of 
400  miles  along  the  coast  and  avoiding  the  stormy  passage  through 
the  Pentland  Frith. 

The  purpose  in  constructing  the  Manchester  Ship  Canal  was 
avowedly  in  the  interest  of  the  commerce  of  the  city  of  Manchester, 
and  was  constructed  not  to  save  distance  or  provide  means  of  trans- 
portation, which  already  existed  by  rail,  but  to  give  this  city  the 
same  facilities,  as  near  as  practicable,  of  a  seaport,  and  on  account 
of  the  high  rates  charged  by  the  railways,  which  discriminated  in 
favor  of  the  rival  and  more  favorably  situated  city  of  Liverpool. 

The  design  and  general  construction  of  locks  and  canal  excava- 
tion and  embankments  are  the  same  for  all  canals,  and  will  be  de- 
scribed and  illustrated  in  another  paragraph. 

Canals  of  the  second  class,  as  those  traversing  low-lying  districts, 
or  combined  with  open  excavation  or  tunnels  through  high  dividing 
jidges,  will  be  illustrated  by  the  following  examples. 

1121.  Some  of  the  best  examples  of  canals  of  this  class  are  found 
in  Holland,  of  which  the  North  Holland  Canal  is  a  good  example. 
In  this  case  the  difficulties  of  constructing  the  canal  are  not  due, 
as  in  the  case  of  the  Panama  or  Caledonian  Canal,  to  protecting  the 
works  from  assaults  of  mountain  and  river  torrents,  but  rather 
from  those  of  waves,  as  the  level  of  the  canals  is  below  the  sea, 
and  vessels  have  to  be  locked  down  from  the  sea  into  the  canal,  or 
up  from  the  canal  to  the  sea-level.  The  length  of  this  canal  is  50 
miles.  The  cross-section  is  a  simple  trapezoidal  form,  with  a  width 
at  water  surface  of  1;;^3^  feet,  at  bottom  of  31  feet,  and  haviog  a 
depth  of  18^  feet,  with  uniform  side  slopes  of  2.5  to  L 

A  more  recently  constructed  canal  in  Holland  is  that  which  con- 
nects the  city  of  Amsterdam,  on  Lake  Y,  with  the  North  Sea,  ren- 
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Fig.  411. 


dered  necessary  by  the  largely  increased  traffic  requiring  betttr 
communication  with  the  North  Sea  than  was  afforded  by  the  North 
Holland  Canal.  The  length  of  the  canal  is  only  16^  miles.  Fig- 
411  shows  the  location  and  profile  along  the  waterway,  also  th0 


CANALS* 


1385 


piers  forming  the  harbor  at  the  North  Sea  end^  and  the  dam  across 
Xiake  Y  at  the  Amsterdam  end. 

The  piers  for  the  harbor  are  bailt  of  blocks  of  concrete  founded 
on  a  bed  of  basalt.  These  piers  are  5069  feet  in  length  each^  and 
•enclose  an  area  of  260  acres.  Over  about  140  acres  of  this  a  depth 
of  26i  feet  will  be  obtained  by  dredging,  leaving  the  remaining  por- 
tion of  its  natural  depth.  From  the  harbor  a  deep  excavation  was 
jnade  through  the  sand-hills  which  protect  this  portion  of  the 
coast.  The  cross-section  of  this 
portion  of  the  canal  is  as  shown 
in  Fig.  412.  This  excavation  is 
about  3  miles  in  lengthy  the  maxi- 
mum depth  from  the  surface  to 
the  bed  of  the  canal  is  78  feet,  and  Fio.  412. 

the  amount  of  material  excavated  6,213,000  cubic  yards.  It  then 
passes  into  the  Wyker  Meer,  a  large  tract  of  tide-covered  land. 
Then  follows  another  excavation  of  327,000  cubic  yards  through 
the  dividing  ridge  between  Wyker  Meer  and  Lake  Y,  another  tide- 
covered  area;  thence  through  Lake  Y  as  far  as  Amsterdam.  The 
excavated  material  was  used  to  form  two  embankments  parallel  to 
each  other  and  443  feet  apart  across  the  tide-covered  areas  and  for 

the  banks  of  branch  canals,  as  indi- 
cated in  Fig.  413.  The  total  length 
of  these  banks  is  38^  miles.  These 
banks  are  formed  mainly  of  sand,  and 
faced  with  clay.  During  the  construc- 
tion the  banks  were  protected  with  fascines,  and  when  advanced 
"the  proper  depth  and  width  of  channel  is  obtained  by  dredg- 
ing. 

The  cross-section  of  these  portions  of  the  canal  is  shown  in 
Fig.  413.  These  banks,  besides  forming  simple  canal-banks,  aid 
in  reclaiming  some  12,000  acres  from  the  lakes.  The  water  is  re- 
moved and  kept  from  these  reclaimed  areas  by  pumping.  In  addi- 
tion pumping  is  required,  when  necessary,  in  order  to  maintain  the 
water-level  in  the  canal  at  about  1  foot  7  inches  below  average  high- 
water  level — a  requirement  imposed  by  law.  The  ordinary  lift  in 
pumping  is  only  3^  feet,  whereas  the  maximum  is  9i  feet. 

There  are  at  each  end  a  set  of  locks.  At  the  North  Sea  end  the 
locks  are  placed  at  a  distance  of  three  quarters  of  a  mile  from  the 
harbor.  This  set  of  locks  is  shown  in  Fig.  414,  and  consists  of 
three  locks.  A  similar  system  was  described  in  case  of  the  Man- 
chester Canal.    The  central  or  main  lock  is  390  feet  long  and  60 


TIM  OQyCMD  LMIO 

Ttg.  418. 


1386 


THB  AMSTBBDAH  CAKAL. 


feet  wide.  This  is  provided  with  two  pairs  of  gates  at  each  end^ 
pointing  in  opposite  directions,  and  one  pair  in  the  centre.  The 
locks  on  each  side  are  smaller.  On  one  side,  for  the  passage  of 
barges,  is  a  lock  30  feet  long  and  34  feet  wide,  with  three  pairs  of 
gates,  and  on  the  other  is  a  lock  227  feet  long  and  40  feet  wide, 
with  five  pairs  of  gates. 

The  arrangement  and  details  are  clearly  shown  in  the  drawing. 

At  about  two  miles  eastward  of  Amsterdam  it  was  necessary  to 
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build  a  dam  across  Lake  Y,  at  a  narrow  of  4265  feet  in  width,  with 
a  set  of  locks.  It  was  necessary  to  build  the  locks  before  com- 
pleting the  dam.  For  this  purpose  a  large  circular  coffer-dam  590 
feet  in  diameter  was  constructed  with  a  double  row  of  piles,  within 
which  the  locks  were  built.  These  locks  have  three  large  or  main 
passages,  each  with  fi^e  pairs  of  gates,  and  one  smaller  passage  with 
three  pairs  of  gates,  arranged  in  a  similar  manner  to  those  at  the 
North  Sea  end. 

The  entire  masonry-work  was  founded  on  piles.  The  dam  across 
Lake  Y  consists  of  clay  and  sand,  placed  on  and  protected  at  the 
sides  by  large  masses  of  wicker  work  or  mattresses,  loaded  and 
covered  by  basalt.  A  cross-section  of  the  dam  is  shown  in  Fig. 
415. 

All  of  the  lock-gates  at  both  ends  of  the  canal  pointing  seawards 
are  of  malleable  iron ;  those  pointing  inward  toward  the  canal  are 
of  wood. 
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These  locks  were  required  for  the  purpose  of  effecting  drainage 
of  the  land^  and  of  maintaining  the  water-level  in  the  canal  below 
the  sea-level,  the  sea-leyel  being  at  high  water  several  feet  above 
the  level  of  the  canal.  The  contract  price  for  constrncting  this 
canal  was  111,250,000. 

Of  this  class  of  canals  are  several  of  the  many  schemes  for  con- 
strncting a  canal  across  the  Isthmns  of  Darien — not  because  the 
entire  country  between  the  two  oceans  was  low-lying  ground,  as 
there  is  the  high  range  of  the  Cordilleras  Mountains  between  the 

* 

two,  through  which  it  would  be  necessary  to  cut  a  tunnel  having 
sufficient  clearance  in  height  and  width  to  pass  freely  the  largest 
vessels  with  their  high  masts,  but  to  avoid  the  use  of  locks,  which 
are  a  great  hindrance  to  navigation,  accompanied  as  they  are  with 
great  loss  of  time. 

It  may  safely  be  said,  however,  that  a  sea-level  canal  with  only 
storm  locks  and  gates  at  its  ends  have  been  shown  to  be  imprac* 
ticable  across  this  isthmus. 

The  Carint/i  CafiaL — This  canal,  very  recently  completed,  has  a* 
length  of  21,441  feet,  top-water  surface  width  of  70.8  feet,  bottom 
width  68.9  feet,  and  depth  of  26^  feet.  It  saves  a  distance  of  185^ 
nautical  miles  for  vessels  from  the  Adriatic  Sea  and  bound  for  Con- 
stantinople, and  95  miles  for  those  from  Mediterranean  ports.  It 
obviates  the  necessity  of  making  the  long  and  dangerous  passage 
around  Cape  Matapan,  and  is  expected  to  facilitate  greatly  the  com- 
munication between  Europe  and  the  East. 

It  is  notable  as  the  canal  commenced  by  Nero,  abandoned  dur- 
ing eighteen  centuries,  and  finally  completed  in  the  last  year.  This 
canal  has  locks  only  at  its  ends.  It  has  one  rock  cut  1.2  miles  in 
length,  with  a  maximum  depth  of  250  feet.  The  amount  of  traflic 
is  estimated  at  4,500,000  tons  annually,  for  which  one  franc  is 
charged  from  the  Adriatic  and  one-half  franc  from  elsewhere,  and 
one  franc  for  each  passenger. 

It  was  constructed  by  a  private  company,  but  becomes  the  prop- 
erty of  the  Qreek  Government  on  paying  5,000,000  francs  at  the 
expiration  of  a  lease  for  99  years. 

The  Nord-Ostsee  ship-canal  is  also  of  this  class.  This  canal  is 
being  constructed  between  the  Baltic  and  the  North  Seas,  through 
tlie  Schleswig-Holstein  territory.  It  is  61  miles  long;  bottom 
width,  72  feet;  width  at  top-water  surface,  213  feet;  mean  depths 
30  feet.     It  was  commenced  in  1886..  and  is  now  completed. 

Its  object  is  to  avoid  the  long  and  tedious  as  well  as  perilous 
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Toyage  aronnd  the  Danish  peninsula  and  through  the  Skagemck. 
It  will  afford  a  passage  through  German  territory  to  the  North  Sea» 
and  will  be  consequently  of  great  importance  and  adyantage  to  the 
German  Government  from  a  military  poijit  of  view.  There  will  be 
double  tidal  locks  at  each  end^  but  otherwise  the  canal  will  be  free 
from  locks.  There  will  be  six  passing-places  at  intervals  of  7i 
miles,  each  1476  feet  in  length  and  197  feet  in  width.  The  cost  was 
estimated  at  139,000,000;  actual  cost,  $37,440,000.  The  allowed 
speed  is  5.3  miles  per  hour.  The  toll  will  be  18  cents  per  net  reg- 
istered ton,  loading  capacity.  Ships  bound  to  Bremen  will  save 
322  miles,  and  those  to  Hamburg  424  miles. 

1122.  An  example  of  ship-canal  of  the  third  class  is  the  Suez 
Oanal.    lu  Fig.  416  is  shown  the  location,  alignment,  and  profile 
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along  the  Suez  Canal,  by  reference  to  which  the  following  descrip- 
tion will  be  better  understood.  The  length  of  this  canal  has  been 
stated  to  be  88  geographical  miles,  or  about  100  ordinary  miles. 
The  following  data  have  been  obtained  principally  from  the  Ency- 
clopaedia Britannica  and  Van  Nostrand's  Magazine,  which  agree 
substantially.  The  canal  connects  Port  Said  on  the  Mediterranean 
Sea  and  Suez  on  the  Bed  Sea. 

This  canal  belongs  to  the  tnird  class;  it  has  neither  locks,  gates, 
nor  reservoirs,  and  no  pumping  of  any  kind  is  required;  strictly 
speaking  it  is  simply  an  artificial  strait,  affording  a  short  passage 
for  vessels  between  two  seas,  which  are  practically  on  the  same 
level,  both  furnishing  the  water  for  the  canal,  and  the  rise  of  tide 
is  small.  It  reduces  the  distance,  by  water  transportation,  between 
Europe  and  India  from  11,379  miles  to  7628  miles,  and  causing  a 
ijaving  of  36  days  on  the  voyage. 
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In  the  general  lay  of  the  country  between  Port  Said  and  Suez, 
no  mountains  or  even  high  hills  intervened.  The  route  selected 
took  advantage  of  certain  valleys  or  depressions,  called  lakes^  bat 
really  low-lying  tracts  of  country,  at  some  places  below  the  level  of 
the  seas;  these  were  covered  with  deep  deposits  of  salt.  Work  was 
commenced  in  I860,  and  the  canal  was  opened  to  traffic  in  1869, 

The  ground  being  low,  some  portions  required  no  excavation  or 
works  of  any  kind ;  the  natural  depth  was  equal  to  that  required 
for  the  canal,  the  main  excavation  being  only  where  the  sandy 
dunes  attain  an  elevation  of  50  or  60  feet,  near  El  Guisr. 

The  material  excavated  was  mainly  alluvial  and  easily  removed ; 
the  only  rock  was  near  El  Guisr,  which  was  a  soft  gypsum,  remov- 
able to  a  considerable  extent  by  dredging.  The  excavation  through 
the  low-level  portions,  lakes,  and  sand-hills  was  done  principally  by 
dredging,  though  a  considerable  amount  of  work  was  done  by  hand- 
labor,  under  a  forced-labor  system,  the  number  of  men  employed 
at  times  being  from  25,000  to  30,000.  As  many  as  40  dredges,  each 
costing  some  $200,000,  have  been  worked ;  these  delivered  the  sand 
to  barges  to  be  carried  out  to  sea  and  discharged,  or  piled  it  up 
on  the  banks  often  to  a  height  of  50  feet.  The  hand  labor  was  per** 
formed  by  men  carrying  on  their  heads  baskets  filled  with  sand^ 
and  also  1000  or  more  donkeys  at  one  place  walking  along  in  long 
lines,  carrying  on  their  sides  mat-baskets  filled  with  sand,  these 
being  emptied  in  banks  along  the  sides  of  the  excavation. 

The  cross-sections  of  the  canal  are  similar  in  every  respect  to 
those  shown  in  Eig.  412,  for  those  portions  excavated  through  the 
sand,  and  as  in  Fig.  413,  for  those  across  the  lakes.  The  dimen* 
sions  for  the  Suez  Canal  were  varied  as  follows: 

(1)  Width  at  w^ater  surface,  196  feet;  at  bottom,  72  feet;  depth, 
26  feet.  The  slopes  are  2  to  1,  with  one  or  more  horizontal  benches 
or  berms  10  feet  wide,  according  to  the  depth  of  the  excavation. 

(2)  Width  at  water  surface,  327  feet;  at  bottom,  72  feet;  depth, 
26  feet.  The  lower  part  of  the  excavation  had  slopes  2  to  1,  but 
the  slopes  above  and  below  the  water  are  5  to  1,  with  a  horizontal 
bench  between  the  steep  and  flat  slopes  of  58  feet  in  width.  This 
arrangement  of  section  is  such  that  the  slope  both  above  and  below 
the  water  surface  can  be  faced  with  stone  and  made  permanent  and 
secure  against  wash  from  waves,  while  at  the  same  time  by  diminish- 
ing the  width  of  the  berm  the  navigable  portion  of  the  canal  can  be 
increased  without  disturbing  the  flat-paved  slopes  beyond  the  berm. 

In  those  portions  of  the  canal  having  only  uniform  side  slopes 
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of  2  to  1  from  bottom  to  top^  which  was  adopted  to  saTe  excara- 
tion,  no  paving  can  be  used  until  the  greatest  required  width  is 
ascertained^  and  the  widening  executed,  as  all  the  pa?ed  portion 
would  have  to  be  cut  away. 

There  were  many  predictions  to  the  effect  that  the  canal  would 
be  a  failure  from  silting  up,  and  filling  up  with  sand  drift  from  the 
«»urrounding  sand  desert;  that  the  Bitter  Lakes  would  be  filled  up 
with  salt;  that  the  canal  would  become  a  stagnant  ditch;  that  ship- 
ping would  not  risk  the  dangers  of  the  Port  Said  approach,  nor  the 
dangerous  and  difficult  navigation  of  the  Red  Sea;  that  the  Medi- 
terranean entrance  could  not  be  kept  open,  etc.  It  will  be  sufficient 
to  say  that  each  and  every  one  of  these  dire  forebodings  have  failed 
to  be  realized. 

There  is  ample  current  caused  by  the  tides,  and  the  evaporation 
from  the  surface  causing  a  tendency  to  flow  from  one  or  both  seas; 
the  salt  in  the  lakes  has  been  gradually  dissolved;  shipping  has 
increased  greatly  in  the  number  of  vessels  and  their  tonnage. 

The  largest  daily  evaporation  is  estimated  at  250,OO0,0(X)  cubic 
feet  of  water.  This  can  be  readily  supplied  from  either  sea,  but 
particularly  from  the  Eed  Sea  (which  is  nearer  the  Bitter  Lakes, 
covering  100,000  acres),  which  has  a  tidal  range  of  6  feet  in  spring- 
tides, and  2  feet  at  neap  tides,  while  the  tidal  range  is  much  less  in 
the  Mediterranean  Sea.  But  it  has  been  found  that  from  May  to 
October  the  winds  cause  a  rise  of  level  at  Port  Said  and  a  fall  at 
Suez,  the  difference  of  level  being  as  much  as  15.5  inches,  which 
leads  to  a  current  from  the  Mediterranean  to  the  Bed  Sea;  although 
interrupted  by  the  tides,  a  large  volume  of  water  flows  from  north 
to  south.  In  winter  the  winds  cause  a  higher  level  of  12  inches  in 
the  Eed  Sea  than  in  the  Mediterranean,  which  results  in  a  flow 
from  south  to  north.  About  400,000,000  tons  of  water  thus  pass 
yearly  from  one  sea  to  the  other,  which,  coupled  with  the  tides, 
tend  to  supply  the  loss  from  evaporation  from  the  surface  of  the 
lakes,  and  dissolve  the  basis  of  salt  (about  32.8  feet  in  depth),  which 
is  gradually  taking  place.  These  local  currents  vary  from  0.5  foot 
to  1.3  feet  per  second  between  Port  Said  and  Lake  Timsah,  and  in 
the  broader  portion  between  Suez  and  the  Bitter  Lakes  it  is  from 
2  feet  to  3.6  feet  per  second. 

In  the  year  1876  only  52,700  cubic  metres  of  material  was  re- 
moved from  the  canal,  and  it  was  navigated  with  facility  by  steamers 
400  feet  long  and  drawing  as  much  as  27  feet  of  water,  and  with  the 
increase  of  vegetation  along  the  banks  of  the  canal  the  quantity  of 
diifting  sand  collecting  in  the  canal  will  be  greatly  diminished. 
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With  respect  to  the  gross  tonnage :  In  1870  486  vessels  passed 
through  the  canal;  gross  tonnage  654^915,  receipts  $1,031,865.  In 
1874  1,264  vessels  2,423,672  tonnage,  $4,971,875  receipts;  that  is, 
the  tonnage  was  quadrupled  in  five  years.  In  1880  the  gross  ton- 
nage was  3,446,431  tons,  showing  a  regular  increase  up  to  that  date. 
In  1885  M.  de  Lesseps'  report  shows  a  traffic  of  3624  vessels  of 
6,335,753  tons,  exceeding  that  of  the  preceding  year  by  340  ships 
and  464,253  tons.  The  passengers  numbered  205,951  for  1885, 
against  151,916  in  1884.  The  average  time  of  transit  was  43  hours. 
Owing  to  a  temporary  obstruction  caused  by  a  dredger  being  run 
down,  123  ships  assembled,  all  of  which  were  passed  through  in 
three  days. 

The  estimated  total  excavation  was  78,000,000  cubic  metres.  In 
addition  to  the  necessary  excavation  for  the  ship-canal,  and  acces- 
sory canals  for  fresh-water  supply,  etc.,  terminal  harbors  had  to  be 
constrticted.  At  Port  Said  a  harbor  has  been  constructed  by  run- 
ning out  into  the  sea  two  piers  or  breakwaters,  built  of  concrete 
blocks;  the  western  one  extends  from  the  shore  2400  yards  in  a 
straight  line  towards  the  north,  then  with  a  slight  angle  to  the  east 
330  yards  farther.  The  eastern  one  extends  2070  yards  nearly  north ; 
at  this  point  it  is  760  yards  from  the  western  pier,  which  gives  the 
width  of  the  entrance  to  the  harbor.  It  contains  about  500  acres 
of  enclosed  area.  The  average  depth  of  water  over  this  area  is  only 
about  13  to  14  feet,  but  the  depth  of  channelway  leading  into  the 
canal  is  from  25  to  28  feet.  The  piers  are  1530  yards  apart  at 
their  shore  ends,  and  converge  to  760  yards,  as  above  stated. 

Owing  to  the  greatly  increased  traffic  up  to  the  year  1885,  a 
commission  was  appointed  to  report  upon  the  best  method  of  en- 
larging or  otherwise  improving  the  capacity  of  the  canal,  so  as  to 
meet  fully  the  exigencies  of  a  traffic  exceeding  10,000,000  tons  per 
annum.  The  commission  considered  three  methods  of  increasing 
the  carrying  capacity  of  the  canal,  namely :  (1)  Widening  the  ex- 
isting canal;  (2)  Construction  of  a  second  canal ;  (3)  Doubling  the 
capacity  of  the  canal  by  a  combination  of  the  first  two  methods. 

With  the  large  vessels  of  50  feet  or  more  in  width,  which  propel 
themselves  through  the  canal,  a  bottom  width  of  230  feet  has  been 
proposed  for  the  81  miles  from  Port  Said  to  the  southern  end  of 
the  Bitter  Lakes,  where  the  tidal  currents  do  not  exceed  1  knot  an 
hour,  and  262  feet  for  the  rest  of  the  distance  to  Suez,  where  the 
currents  often  exceed  2  knots  an  hour,  in  order  that  the  vessels  may 
pass  each  other  freely.    The  cost  of  this  widening  was  estimated  at 
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$419200^000^  assuming  the  depth  of  the  canal  to  remain  at  26^  feet 
below  low-water  of  ordinary  spring-tides,  but  an  additional  cost  of 
$4,876,000  if  the  depth  was  increased  to  29^  feet,  unless  a  reduction 
in  width  of  18  feet  was  made,  or  a  total  of  146,076,000. 

The  construction  of  a  second  canal,  similar  to  the  old  canal,  7'^ 
feet  wide  at  the  bottom,  widened  to  131  feet  through  the  small 
Bitter  Lakes,  would  cost  from  $44,500,000  to  $48,500,000. 

Taking  into  consideration  the  greater  danger  of  collisions  where 
the  velocity  was  greater,  a  third  plan  was  suggested  enlarging  the 
canal  in  the  northern  portion,  and  the  construction  of  a  second 
canal  from  the  Bitter  Lakes  to  Suez. 

The  commission  decided  upon  an  enlargement  of  the  canal  from 
sea  to  sea,  as  it  would  enable  the  speed  of  passing  vessels  to  be  in- 
creased from  5^  to  8  knots  an  hour,  which  could  never  be  accom- 
plished with  two  separate  canals:  and  further,  there  would  be  only 
two  banks  to  maintain  instead  of  four.  This  increase  of  speed 
won  Id  greatly  facilitate  the  steering,  and  there  would  be  less 
danger  of  vessels  stranding  on  the  banks  in  a  wide  canal.  The 
danger  of  collisions  could  be  reduced  to  minimum  by  reducing  the 
speed  while  passing.  The  widening  would  ease  the  curves  existing 
in  tlie  old  canal,  which  is  an  important  consideration  with  the  long 
ships  of  the  present  day.  And  finally,  during  the  construction  of 
widening,  each  additional  enlargement  could  be  at  once  utilized  as 
passing-places,  which  would  immediately  increase  the  carrying 
capacity.  The  completion  of  such  extensive  excavations  as  would 
be  required  takes  a  considerable  period  of  time. 

It  was  also  decided  to  increase  the  depth  to  28  feet,  and  decrease 
the  bottom  widths  to  213  and  246  feet,  measured  at  a  depth  of  26i: 
feet  below  water  surface.  The  widths  were  to  be  increased  on 
curves  as  follows:  In  the  northern  portion  the  width  in  curves 
exceeding  8200  feet  in  radius  was  to  be  246  feet,  and  262  feet 
on  sharper  curves;  while  in  the  southern  portion  the  widths 
at  the  curves  were  to  be  262  feet,  all  curves  exceeding  8200  feet 
in  this  portion  of  the  canal.  All  slopes  were  to  have  a  berm  about 
6^  feet  below  water  surface,  and  the  slopes  from  that  depth  up  ta 
a  line  3:^  feet  above  the  water  surface  was  to  be  paved  or  pitched,  in 
order  to  protect  the  slopes  from  the  wash  of  waves  caused  by  passing 
steamers. 

With  the  increase  of  speed  admissible  in  the  enlarged  canal  the 
normal  period  of  transit,  including  stoppages,  should  not  exceed  12 
hours,  as  against  about  40  in  the  single-width  canal. 
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The  total  cost  of  all  the  works  above  described,  and  in  addition 
a  breakwater  at  Snez  and  two  large  basins  and  a  dry-dock  at  the  same 
place,  is  stated  to  have  been  $100,000,000. 

This  interesting  and  in  many  respects  difficult  work,  constructed 
in  the  face  of  many  discouragements  and  predictions  of  ultimate 
failure  and  financial  disaster,  is  worthy  of  a  careful  study,  not  only 
as  concerns  the  construction  of  this  work  itself,  but  for  the  im- 
portant bearing  upon  other  similar  works  of  the  many  questions 
settled.  More  space  cannot  be  given  in  this  volume  to  this  sub- 
ject. 

INTEROCEANIC  CANALS  BETWEEN  THE  ATLANTIC  AND  PACIFIC 

OCEANS. 

1123.  Ever  since  Nufiez  of  Balboa,  in  1514,  crossed  the  Isthmus 
of  Panama,  and  thereby  discovered  that  the  Atlantic  and  Pacific 
Oceans  were  only  separated  by  a  narrow  neck  of  land,  determined 
efforts  have  been  made  either  to  find  a  natural  strait  connecting  the 
two  oceans,  or  some  short  line  along  which  a  canal  could  be  con- 
structed at  a  reasonable  cost,  or,  finally,  almost  regardless  of  the 
cost  to  construct  a  waterway  between  the  two  oceans;  and  in  con- 
templation of  this  latter  purpose  numerous  examinations  have  been 
made  to  determine  the  best  and  most  practicable  route  along  the 
narrow  strip  of  land  known  as  Central  America  connecting  North 
America  with  South  America. 

So  long  as  the  commerce  of  the  world  was  carried  on  in  sailing- 
vessels,  propelled  by  wind-power  alone,  the  first  and  most  important 
questions,  in  connection  with  the  selection  of  the  site  of  the  canal, 
were  the  character  and  direction  of  the  prevailing  winds,  or  the 
extent  of  calms  as  to  time  or  duration.  So  much  so,  that  that  em- 
inent officer  Capt.  M.  F.  Maury  said  in  a  letter  written  to  Capt.  Pim, 
and  dated  July,  1866,  "  If  Nature  by  one  of  her  convulsions  should 
rend  the  continent  of  America  in  twain,  and  make  a  channel  across 
the  Isthmus  of  Panama  or  Darien  as  deep  and  as  wide  and  as  free  as 
the  Straits  of  Dover,  it  would  never  become  a  commercial  thorough- 
fare for  sailing-vessels,  saving  the  outward-bound  and  those  that 
could  reach  it  with  leading  winds.  Steamers  would,  and  coasters 
might,  use  it;  but  homeward-bound  vessels  in  the  China,  India,  or 
Australian  trade,  rarely." 

These  considerations,  now  that  steamers  are  so  much  employed 
in  the  carrying-trade,  and  sailing-vessels  can  enter  and  leave  any 
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port  by  the  aid  of  powerful  steam-tugs,  are  no  longer  worthy  of 
more  than  incidental  discussion,  and  the  question  of  practicable 
construction  turns  almost  entirely  upon  the  cost,  and  the  probable 
revenue  to  be  derived. 

Of  the  many  routes  examined  with  the  view  of  constructing  a 
canal  or  railway,  only  a  few  of  those  which  have  been  viewed  in  the 
more  favorable  light  will  be  mentioned. 

(1)  The  Tehuantepec  route  has  its  Pacific  terminus  in  the  giilf 
of  that  name,  and  its  Atlantic  terminus  at  the  mouth  of  the  Coatzo- 
coalcos  River.  A  grant  with  munificent  franchises  was  obtained  from 
Mexico.  This  route  failed  to  meet  with  great  favor  on  account  of 
the  diflSculties  and  expenditure  required  to  build  a  safe  harbor  for 
its  terminus  on  the  Pacific,  and  deepening  the  water  on  the  bar  at 
the  month  of  the  Coatzacoalcos.  Climate,  interior  resources,  and 
the  distance  were  all  in  its  favor,  but  it  lacked  harbors. 

(2)  The  several  Kicaraguan  routes,  though  having  a  longer  dis- 
tance from  ocean  to  ocean,  have  always  been  looked  upon  with  more 
or  less  favor,  and  have  been  no  mean  competitors  of  the  Panama 
route,  with  now  vastly  more  chances  in  favor  of  its  being  con- 
structed than  the  latter. 

In  opposition  to  the  Panama  Bail  way,  a  land  route  was  established 
across  Nicaragua;  passengers  were  carried  partly  on  mules,  stage- 
coaches, river  and  lake  steamboats;  and  even  with  these  disadTau- 
tages,  discomforts,  and  necessary  delays,  the  passenger  traffic  was 
divided  with  Panama.  This  company  was  finally  bought  off  by  the 
Panama  Company. 

Next  a  railway  across  this  route  was  projected.  Nothing  of  im- 
portance came  of  this. 

Again  the  construction  of  a  ship-canal  has  come  prominently  to 
the  front.  Careful  surveys  and  examinations  have  been  made,  and 
in  addition  a  considerable  sum  of  money  has  been  spent  in  con- 
fitruction;  this  money  was  raised  by  private  subscription.  The  com- 
pletion of  the  work  will  necessarily  depend  upon  the  favorable  ac- 
tion of  the  United  States  Government. 

1124.  The  advantages  claimed  for  the  Nicaraguan  route  are: 

(1)  Sailing-vessels  can  better  make  the  ports  on  the  Atlantic 
and  Pacific. 

(2)  The  rainy  season  is  not  so  long. 

(3)  The  route  is  more  exempt  from  dampness  and  disease. 

(4)  Its  climate  and  soil  are  well  adapted  to  the  cultivation  of 
coffee,  sugar,  rice,  tobacco,  indigo,  and  the  like;  while  in  the  forests 
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oan  be  obtained  ornamental  and  dye  woods  of  rare  beauty  and  ex- 
cellence^ and  drags  and  spices  can  be  gathered. 

(5)  The  country  will  be  rapidly  and  easily  developed^  and  there 
will  be  opened  up  a  large  local  interior  trade. 

(6)  The  harbor  accommodations  will  be  superior,  and  more  safe. 

'^  To  conclude,  you  see  the  sum  of  all  these  disadvantages  (con- 
trasted with  the  advantages  above  mentioned)  of  the  Panama  route 
expressed  by  the  road  itself.  It  has  been  opened  about  12  years 
^1854-1866),  but  sailing-vessels  go  and  come  by  the  old  routes. 
Few  are  the  cargoes  of  merchandise  to  or  from  the  East  that  have 
found  their  way  across  that  road,  and  though  its  earnings  are 
enormous,  it  has  as  a  commercial  highway  disappointed  the  world. 
It  has  not  altered  a  single  old  route  of  commerce,  but  it  makes 
enormous  dividends,  for  all  that."  (See  Capt.  Maury's  letter  to 
Oapt.  Pim.) 

1125.  Tlie  Panama  Rotite. — The  demands  for  some  means  of 
rapid  and  ample  transportation  between  the  two  oceans  led  to  the 
construction  of  a  railway  across  the  isthmus,  and  for  economic 
reasons  the  line  across  the  State  of  Panama  from  Aspinwall  or 
Colon  on  the  Atlantic  to  Panama  on  the  Pacific  was  selected.  The 
road  was  opened  in  1854  and  has  been  in  full  operation  ever  since. 
It  has  been  exceedingly  remunerative  to  its  owners.  Its  inefficiency 
or  inadequacy  to  meet  the  demands  of  commerce  has  been  amply 
demonstrated  by  the  recent  attempt  to  construct  a  canal  close  to 
■and  approximately  parallel  to  the  railway.    This  route  was  selected 

in  the  face  of  the  many  and  well-known  disadvantages  of  the  route, 
looked  at  from  almost  every  point  of  view. 

The  disastrous  failure  to  complete  the  canal  is  replete  with  use- 
ful lessons  to  engineers.  The  enterprise  has  been  abandoned,  and 
but  little  evidence  remains  of  the  work  done  and  the  enormous 
sums  of  money  spent,  except  the  wrecked  reputation  of  many  men, 
acme  of  whom  at  least  merited  a  better  fate. 

1126.  Tlie  Darien  Routes. — Of  these  routes  the  only  one  that 
^111  be  mentioned  here  is  what  is  known  as  the  San  Bias  route, 
for  which  the  following  advantages  are  claimed:  (1)  Except  near 
the  mountains,  the  entire  line  is  nearly  level.  (2)  The  distance 
calliug  for  the  actual  construction  of  an  artificial  channel  or  canal 
is  only  30  miles. 

The  following  data  are  given :  The  tides  in  the  Pacific  rise  from 
12.65  to  22  feet;  on  the  Atlantic  the  tides  are  insignificant — only 
from  1  to  1^  feet.    Summit  of  the  Cordilleras  is  1500  feet  above  the 
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kvel  of  the  Pacific  Ocean.  The  saving  in  distance  from  New  York 
to  varioas  ports  over  the  Gape  Horn  route  will  be  from  80(K)  to 
14,000  miles. 

The  plan  proposed  was  a  canal  mahitained  at  the  level  of  high 
tide  in  the  Pacific.  The  canal  is  to  be  fed  entirely  from  the  Pacific 
A  canal  of  the  usual  width  and  section,  with  a  depth  of  25  feet  for 
the  greater  portion  of  the  distance,  and  a  tunnel  of  7  miles  in 
length,  100  feet  wide,  and  115  feet  high  through  the  Cordilleras. 
The  excavation  will  be  mainly  through  rock,  covered  a  few  feet  iu 
depth  with  loam.  A  tidal  lock  having  a  wall  elevation  of  45^  feet 
on  the  Pacific,  a  lift  lock  being  required  on  the  Atlantic  side  to 
raise  vessels  to  the  level  of  the  water  in  the  canal. 

1127.  The  only  two  routes,  however,  that  have  at  all  met  with 
popular  favor  are  the  Panama  and  Nicaragua.  The  Panama  route 
has  been  the  favorite  with  the  French  and  the  Nicaraguan  one  with 
the  Americans.  It  is  not  the  desire  or  purpose  of  the  writer  to 
disparage  the  one  or  advocate  the  other.  But  ho  will  try  to  give 
the  facts  as  they  have  been  presented  and  occurred.  The  unfor- 
tunate' condition  of  the  Panama  route  is  such  that  at  present  at 
least  there  is  but  little  encouragement  for  even  its  most  ardent  ad- 
vocates. And  the  results  obtained  correspond  so  fully  with  the 
predictions  made,  that  a  common  impression  prevails  that  this  route 
is  impracticable.     The  facts  are  as  follows: 

1128.  The  Panama  Ca^iah — M.  de  Lesseps,  the  builder  of  tha 
Suez  Canal,  by  the  ability,  energy,  and  skill  displayed  in  the  con- 
struction of  the  Suez  Canal  as  a  purely  sea-level  canal,  in  the  face  of 
the  most  yiolent  opposition,  discouragements,  and  dire  predictions  of 
failure,  immortalized  his  name,  and  so  far  as  he  himself  is  concerned 
the  breath  of  scandal  and  slander  has  been  repressed  in  connection 
with  the  facts  developed. 

He,  no  doubt,  overestimating  his  own  ability,  underestimating 
the  difficulties,  confiding  in  friends  who  ultimately  betrayed  their 
trust,  and  who  doubtless  misrepresented  the  facts  and  conditions, 
conceived  the  idea  of  building  a  sea-level  canal  similar  in  every 
respect  to  the  Suez  Canal,  and  convinced  himself,  as  he  said,  ''  that 
unless  the  iVtlantic  and  Pacific  can  be  united  by  simply  piercing  the 
Isthmus  from  sea  to  sea  without  locks,  as  at  the  Suez  Canal,  the 
proposed  scheme  cannot  possibly  succeed  as  a  commercial  enter- 
prise, because  of  the  inadequacy  of  a  canal  with  locks  to  pass  the 
traffic  that  will  frequent  it,  and  also  of  the  uncertainty  of  sufficient 
water  to  supply  the  lockage  and  the  evaporation.*'     He  easily  con- 
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Tinced  the  French  people^  whose  confidence  he  posfiessed  to  a  degree 
Touchsafed  to  iew,  before  or  since. 

It  has  been  openly  proclaimed  that  this  gigantic  work  was  under- 
taken without  sufficient  and  proper  surveys  and  examinations^  in 
ignorance  of  the  conditions  existing  and  of  the  difficulties  to  he 
encountered,  and  under  the  belief  that  a  sea-level  canal  was  en- 
tirely practicable,  and  that  the  cost  would  be  reasonable.  The 
facts,  however,  were  soon  discovered  to  be  so  far  different  from 
those  stated,  that  the  original  plan  had  to  be  radically  changed. 
Instead  of  a  flat  sandy  country,  as  between  the  Mediterranean  and 
Bed  Seas,  in  which  the  rise  of  tides  were  insignificant  and  almost 
equal,  with  no  torrential  streams  which  would  deluge  the  country 
and  destroy  in  one  night,  works  costing  millions,  it  was  realized 
that  there  was  a  rugged,  mountainous  country  to  build  over;  moun- 
tain streams,  especially  the  Chagres  River,  whose  sudden  and  high 
floods  rendered  the  construction  of  the  canal  impracticable  until  this 
stream  could  be  absolutely  controlled  during  periods  of  floods — a 
work  of  gigantic  proportions  in  itself;  and  that  the  difference  in  rise 
of  tide  in  the  two  oceans  varied  from  12  to  20  feet  or  more,  necessi- 
tating beyond  question  both  tidal  and  lift  locks;  and  further,  the 
objection  raised  to  the  employment  of  locks,  namely,  want  of  water- 
supply  at  the  summit,  was  shown  to  be  of  no  value,  as  ample  water 
could  be  stored  to  supply  all  the  demands  of  the  canal.  An  im- 
mense mountain  barrier  had  to  be  pierced  with  a  tunnel,  having 
great  width  and  clear  height.  The  projectors  were  either  ignorant 
of  these  things  or  ignored  them.  The  following  is  a  partial  record 
of  what  followed. 

The  route  selected  was  the  narrowest  width  between  the  two 
oceans — a  distance  of  about  46  to  50  miles.  A  cross-section  of  the 
canal  similar  to  those  already  given,  having  a  bottom  width  of  72 
feet,  top- water  surface  of  131  feet,  with  two  berms  6  5  feet  each  a 
little  below  the  water  surface,  and  the  usual  depth  of  water  from 
26  to  30  feet.  These  small  dimensions  were  taken  in  order  to  save 
excavation. 

For  the  purposes  of  traffic  these  dimensions  were  evidently  too 
small.  At  the  water  surface  197  was  the  least  that  should  have 
been  considered,  and  even  with  this  width,  as  at  Suez,  the  canal 
would  have  to  be  enlarged  at  no  distant  day. 

In  addition,  the  character  of  the  material  to  be  excavated,  when 
not  rock,  was  of  the  most  treacherous  and  uncertain  kind.  The 
trenches  were  liable  to  be  filled  up  by  the  soft,  flowing  material  as 
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fast  as  they  could  be  excavated.  It  was  impracticable  to  form  any 
estimate  of  the  amount  of  the  material  that  would  hare  to  be 
handled^  or  to  maintain  any  definite  widths  and  depths. 

The  climate  is  considered  one  of  the  most  oppressiye  and  lui' 
healthy  in  the  world. 

Enormous  sums  of  money,  however,  were  expended  in  purchase 
ing  the  necessary  plant,  numbers  of  large  and  expensive  dredges 
were  purchased.  Actual  work  commenced  in  1883,  and  aocording 
to  the  estimates  the  work  was  to  have  been  completed  in  five  years^ 
namely,  in  the  year  1888. 

In  the  year  1884  reports  showed  $104,000,000  cash  expended, 
liabilities  $153,000,000.  May  1st,  1885,  less  than  one  tenth  of  the 
excavation  was  done, — 12,376,500  cubic  yards  out  of  a  total  now 
estimated  at  from  125,000,000  to  150,000,000;  original  estimate 
from  80,000,000  to  100,000,000  cubic  yards.  No  suitable  founda- 
tion for  the  Chagres  Eiver  dam  had  been  found  at  a  depth  of  60 
feet  below  the  surface.  The  estimated  cost  of  the  completed  canal 
was  at  this  time  1600,000,000,  original  estimate  about  $120,000,000. 

In  the  year  1887  less  than  one  quarter  of  the  excavation  done; 
cost  to  date  $180,000,000.  The  work  done  was  mainly  on  the  le^ 
expensive  portions  of  the  work,  and  the  great  Culebra  cut  hardly 
commenced.  Supposed  final  cost  $800,000,000.  The  damming  or 
diversion  of  the  Chagres  River  was  not  commenced.,  nor  even  a  plan 
decided  upon. 

In  the  year  1888  the  determination  was  reached  to  abandon 
the  construction  of  a  sea-level  canal,  and  to  pass  through  the  sec- 
tion of  greatest  excavation  by  a  temporary  high-level  canal,  with  a 
series  of  huge  iron  locks  at  either  end.  The  level  of  the  canal  was 
from  125  to  150  feet  above  the  sea-level.  This  was  recommended 
as  only  a  temporary  expedient  to  reduce  the  immediate  cost  of  con- 
strnction  and  the  time  required  for  completion.  Ultimately  this 
high-level  canal  was  to  have  been  lowered,  so  that  the  canal  would 
in  time  become  a  sea-level  canal,  as  originally  intended.  There  i* 
some  doubt  and  conflict  of  testimony  as  to  the  extent  of  the  work 
executed  on  this  plan,  which  is,  however,  a  matter  of  but  little 
moment  to  any  but  those  who  had  subscribed  to  the  stock  of  the 
company,  as  the  entire  enterprise  shortly  collapsed.  The  works 
luive  been  abandoned,  and  recent  reports  state  that  there  is  but 
little  evidence  of  the  nature  and  character  of  the  work  done,  except 
a  few  large  dredges  and  other  machinery  partly  submerged  in  the 
old  excavations. 


1129.  In  1889  a  pamphlet  vas  pnblisfaed  by  a  French  engineer, 
G.  Sauterean,  a  colaborer  with  M.  de  Lesaepa  in  the  conetmction 
of  the  Suez  Canal,  and  freely  consulted  with  by  him  in  regard  to 
the  Panama  Canal  M.  Santereau  seema,  however,  to  have  favored 
the  Nicaragnan  ronte,  and  to  have  cDudemoed  in  unmeasured  terms 
the  proposed  construction  of  a  sea-level  canal  at  Panama.  What 
has  been  said  above  is  more  than  confirmed  in  this  pamphlet,  and  in 
fact  DO  severer  criticism  has  been  made  of  the  Panama  ronte  bj  any 
American  than  is  to  be  found  in  the  pages  of  this  pamphlet,  written 
by  a  French  engineer. 

He,  however,  advocated  for  both  tbe  constmction  of  the  Panama 
or  Nicai-agnan  route  the  formation  of  a  great  interior  lake  {see  Fig. 
416^),  forming  a  long  level  reach  entered  from  either  ocean  by 
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means  of  a  single  lock,  at  most  two  locks,  on  the  Atlantic  side, 
having  a  lift  of  100  feet  or  more,  called  by  him  "  Jjes  :^luBe8  a 
grande  ll^nivellation,"  between  which  was  to  be  "  le  canal  trane- 
form^e  en  lac  int^rieur." 

Some  of  the  novel  features  in  this  proposed  plan  are  interesting 
and  instructive,  especially  as  only  at  a  very  recent  date  M.  Bartissol 
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has  proposed  to  reviye  the  constrnction  of  the  Panama  Canal  bj 
adopting  at  least  a  part  of  M.  Sautereau's  idea.  What  follows  ii 
taken  from  M.  Sautereau's  pamphlet^  entitled  "Le  Canal  de  Panama 
transform^  en  lac  interieur/' 

The  modified  plan  of  M.  de  Lesseps  consisted  in  the  constroc- 
tion  of  five  locks  on  each  side  of  the  mountain,  with  level  reaches 
between  each  two  locks.  According  to  the  report  mentioned,  the 
expenditure  had  amounted  in  1889  to  1266,000,000,  and  to  complete 
the  canal  as  proposed  $114,000,000  more  was  estimated  as  required, 
and  to  carry  out  the  ultimate  purpose  of  lowering  the  level  of  the 
canal  to  that  of  the  sea  #190,000,000  more,  and  in  the  end  they 
would  find  themselves  in  this  position:  '^with  a  mass  of  water  re- 
tained by  a  dam  without  stability  [consisiaiice],  the  dam  of  the 
Chagres  at  Gamboa,  and  which,  suspended  above  a  narrow  canal 
in  which  would  be  passing  or  assembled  [engages]  a  number  of  ves- 
sels, would  become  a  perpetual  danger  to  navigation"  (translated 
from  the  French  by  the  writer). 

"  It  is  certain  that  the  proposed  project  does  not  constitute  an 
acceptable  solution,  and  that  its  execution  will  never  respond  to  the 
immutable  principles  laid  down  by  M.  Ferdinand  de  Lesseps.  It  is 
not  doubtful  that,  in  order  to  triumph  at  Panama,  as  at  Suez,  over 
all  obstacles,  it  is  necessary  to  abandon  the  traditions  of  the  school 
and  the  antiquated  projects  of  the  el6ves  of  the  school  of  Talabot 
and  d'Enfantin,  and  proceed  to  take  examples  from  nature. 

"  The  Strait  of  Gibraltar,  that  is  to  say,  a  direct  opening  from  sea 
to  sea,  has  served  as  an  example  for  the  execution  of  the  Suez  Canal. 
The  communication  established  by  nature  at  the  other  extremity  of 
the  Mediterranean,  with  an  intermediary  basin,  the  Sea  of  Marmora, 
which  unites  the  iEgean  with  the  Black  Sea,  ought  to  be  the 
type  in  order  to  establish  the  interoceanic  canal  (at  Panama  or 
IS^icaragua). 

"  To  dam  the  Chagres  at  Buhio-Soldado  with  a  single  lock  hav- 
ing a  high  lift,  which  will  inundate  the  superior  valley,  and  raise  the 
water-level  sufficiently  in  order  to  admit  the  flood-water  of  the 
Chagres  in  the  canal;  to  dam  the  Rio  Grande  on  the  side  of  Panama 
by  a  second  lock  of  the  same  type,  and  cut  the  culebra  with  a  trench 
197  feet  wide  at  water  surface  in  the  interior  lake — such  is  the 
solution  that  alone  jcau  give  to  the  interoceanic  canal  conditions  of 
navigability  comparable  to  those  thrt  are  given  by  the  Suez  Canal. 
Each  lock  to  have  two  chambers,  one  for  ascending  and  the  other 
for  descending  vessels.    The  masonry  to  be  in  a  full  compact  mass, 
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containing  450^000  cubic  metres,  that  would  not  be  disturbed  by 
the  trembling  of  the  earth,  so  frequent  in  that  country.  Such  an 
arrangement  would  assure  the  passage  of  40  ships  a  day,  whereas 
the  proposed  plan  would  only  admit  of  the  passage  of  10  ships  in 
the  same  time. 

"  These  works,  one  on  each  side  of  the  mountain,  can  be  built  in 
one  or  at  most  two  years,  at  a  cost,  for  both  together,  of  not  oyer 
*32,000,000." 

This  construction  then  provides  a  sea-level  canal  from  each  ocean 
to  the  locks,  in  which  vessels  easily  reach  these  locks;  they  are  then 
lifted  by  one  lift  to  the  level  of  the  water  in  the  interior  lake.  The 
estimated  total  cost  on  this  basis  was  about  $80,000,000. 

*^  The  Culebra  attacked  by  the  Ghagres  by  means  of  galleries 
tunnelled  through  it  at  the  level  of  the  bottom  of  the  canal,  throu'gh 
which  the  water  of  the  lake  or  basin  on  the  Atlantic  slope  will  be 
forced  to  flow  towards  the  Pacific  Ocean,  carrying  with  it  all  mate- 
rial easily  excavated,  as  well  as  those  constantly  thrown  into  it  by 
blasting,  and  disposing  these  materials  on  the  low  plane  bordering 
the  ocean — ^by  this  means  the  Culebra  would  be  levelled  in  a  year 

''  The  high  locks  and  dams  are  placed  where  the  limestone  and 
hard  sandstone  first  crop  out,  the  valley  of  the  Chagres  being  very 
narrow  at  these  places;  and  the  effect  will  be,  with  locks  having  a 
rise  of  about  100  feet,  and  with  a  diversion  dam  to  raise  the  level 
of  the  Ghagres  to  this  same  level,  that  the  valley  will  be  inundated 
np  to  the  approaches  of  the  Culebra,  and  there  will  be  created  a  lake 
which  will  be  extended  from  9^  to  12^  miles  in  the  valley  of  the 
high  Chagi*es,  forming  a  liquid  surface  of  several  miriametres  square, 
covering  virgin  land  and  without  inhabitants.  A  similar  effect  will 
be  produced  on  the  Pacific  slope.  The  distance  through  the  solid 
Culebra  from  water  to  water  will  be  reduced  to  about  5  miles. 

•'  Thus  ample  water-supply  will  be  secured  to  supply  the  locks 
and  replace  loss  by  evaporation,  which  would  be  difficult,  if  not  im- 
practicable, by  the  other  plan  without  the  use  of  steam-pumps. 

**  The  excavated  material  can  readily  be  removed  by  transports. 
The  Ghagres  River,  the  most  formidable  obstacle  to  the  execution 
of  the  works,  forever  subdued  and  enslaved,  will  become  the  prin- 
cipal assistant  {adjuvant)  of  the  canal,  instead  of  a  constant  menace 
to  the  construction  and  maintenance  of  it.  The  excess  of  water  in 
tune  of  floods  will  be  spread  over  the  surface  of  the  lake,  and 
allowed  to  escape  by  diversion  channels  as  may  be  deemed  necessary. 

^  In  the  locks,  each  chamber  will  be  about  650  feet  in  length 
between  the  gates,  in  width  66  feet,  and  in  depth  about  138  feet.^' 
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The  details  of  construction  of  the  locks^  gates,  etc.,  are  set  forth 
fully  in  the  pamphlet.  The  aboye  is  translated  by  the  writer  from 
the  French. 

Such  is  the  latest  scheme  for  the  construction  of  the  Panama 
Canal.  Whether  work  will  ever  be  resumed  on  this  route  is  at 
present  a  matter  of  doubt. 

The  following  is  a  brief  account  of  the  suggestions  and  plans 
of  M.  Bartissol: 

1130.  M.  Bartissol's  method  for  completing  the  Panama  Canal 
is  similar  in  many  respects  to  that  of  M.  Sautereau,  described  in 
paragraph  1129.  He,  however,  proposes  the  construction  of  two 
locks  on  each  side  of  the  Culebra  cut,  with  a  total  lift  of  75 
feet,  instead  of  the  one  lock  with  a  lift  of  135  feet.  He  therefore 
forms  an  interior  lake  of  much  lower  surface  level.  He  also  pro> 
poses  to  use  the  waters  of  the  Ghagres  river  to  remove.the  material 
to  be  excavated  in  the  Culebra,  but  in  a  somewhat  different  manner, 
lie  proposes  to  control  the  waters  of  the  upper  Chagres  by  dams 
uud  reservoirs,  and  lead  the  water  in  an  open  channel  to  the  line 
of  the  canal.  He  then  proposes  to  build  a  conduit  13  feet  in  diam- 
eter, starting  just  inside  of  the  side  slope  of  the  completed  canal, 
towards  the  Pacific.  The  length  of  this  conduit  to  be  about  6^ 
miles,  lined  throughout  with  masonry  or  metal,  and  having  a  nni- 
form  slope  of  1  in  1000.  At  intervals  along  the  canal  shafts  are  to 
be  excavated,  opening  into  the  conduit,  for  the  purposes  of  throw- 
ing the  excavated  material  into  the  conduit;  there  it  is  to  be  taken 
by  the  water  flowing  through  the  conduit  at  a  velocity  of  10  feet 
per  second,  and  deposited  where  desired. 

The  conduit  is  to  be  filled  to  the  height  of  10  feet  with  the  water. 
The  duty  of  the  conduit  is  estimated  at  30  cubic  metres  per  second 
(1  cubic  metre  =  1.31  cu.  yds.),  or  about  1,000,000  cubic  metres  in 
a  dav  of  10  hours.,  with  100  shafts  and  400  cubic  metres  of  debris 
thrown  in  each.  The  day's  work  would  represent  a  cube  of  40,000 
cubic  metres  of  d6bris,  or  4  per  cent  of  the  total  flow.  According 
to  the  experiments  of  Guillemain  and  Durand-Glaye: 

A  velocity  of  0.6    feet  per  second  will  carry  the  heavier  clay; 

«     0.65    "        «  "      "  flnesand; 

"  "     2.28    "        *'  ''      "  small  gravel; 

"  "     5.86    «        ''  ''      «  flat  stones; 

"  "     5.31    "        **  *'     stones  4  inches  in  diameter; 

It  ^'7  5       '^        ^'  ''         ''      8      ^^       ''         ^ 
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M.  Duponchel  says  a  stream  of  water  with  a  velocity  of  from 
6.5  to  10  feet  per  second  carried  23  per  cent  of  its  own  volume  in 
rock  material,  and  that  in  a  conduit  of  circular  cross-section  the 
material  would  not  only  be  carried  forward  by  rolling,  but  it  would 
be  in  a  state  of  complete  suspension,  and  there  would  be  but 
little  friction  on  the  sides  of  the  canal.  Similar  results  were  ob- 
tained in  a  20-inch  pipe  at  the  Culebra.  M.  Bertissol  claims  that 
by  this  method  the  canal  can  be  completed  in  four  years,  at  an 
expense  of  (100,000,000. 

This  proposition  was  declined,  as  being  uncertain  in  its  result, 
and  not  sustained  by  any  precedent. 

In  Fig.  416^  (a)  is  shown  a  map  of  the  railway  and  proposed 
Panama  Canal  connecting  the  Atlantic  and  Pacific  oceans  at  Colon 
and  Panama  respectively;  and  in  Fig.  416^  (b)  is  a  profile  along  the 
axis  of  the  canal,  showing  the  two  portions  of  sea-level  canal  at  the 
ends,  and  the  interior  lake  formed  by  single  locks,  one  on  each  side 
of  the  culebra,  having  a  lift  of  great  height,  as  described  above. 
The  drawings  are  readily  understood  from  the  foregoing  discussion 
and  description.  Instead  of  the  single  locks  as  shown,  the  last  plan  of 
M.  de  Lesseps  contemplated  several  locks  on  each  side  of  the  culebra. 

1131.  Tfie  Nicaraguan  Canal, — The  year  1888  was  no  less  noted 
for  the  closing  period  of  work  on  the  Panama  Canal  than  it  waa 
for  the  commencement  of  actual  work  on  the  Nicaragua  Canal. 
Careful  preparation  was  made  for  this  work  by  careful  surveys  and 
examinations,  and  so  far  as  practicable  by  plans  and  designs  of  the 
work  to  be  done  and  of  the  manner  of  doing  the  work. 

The  route  of  the  canal  is  from  San  Juan  del  Norte,  or  Greytown, 
on  the  Caribbean  Sea,  to  Brito,  on  the  Pacific  Ocean,  a  distance  of 
169.8  miles;  but  of  this  distance  there  is  only  29  miles  of  actual 
canal  excavation.  The  remaining  distance  is  by  free  navigation  of 
the  San  Jnan  River,  Lake  Nicaragua,  and  the  basins  of  the  rivers 
Descado,  San  Francisco,  and  Tola.  (See  Fig.  417  for  plan  and 
profile.) 

The  lake  is  a  body  of  water  2600  square  miles  in  area,  with  a 
drainage  area  of  8000  square  miles,  and  a  mean  daily  flow  through 
its  outlet,  the  San  Juan  River,  of  1,272,153,600  cubic  feet — consider- 
ably more  than  is  necessary  for  the  works  it  is  to  feed.  The  San 
Juan  River  will  be  navigated  for  64.5  miles,  and  the  lake  for  56.5 
miles.  The  summit  level,  110  feet  above  the  sea,  will  be  maintained 
for  a  distance  of  150  miles,  beginning  at  the  eastern  divide,  some  16 
miles  west  of  Oreytown,  and  continuing  to  the  west  side  of  the 


1404 


THE   NICABAQUAN   CAITAL. 


Tola  basin,  less  than  four  miles  from  the  Pacific  Ocean.  The  ascent 
from  the  level  of  the  sea  on  the  east  side  to  the  snmtnit  level  will  be 
effected  by  three  single  locks,  and  oa  the  vest  side  bj  one  double 
lock  and  one  single  lock.  Those  portions  of  the  line  in  river,  lake, 
and  biisin  wilt  have  width  and  depth  suflficientto  render  navigatioa 
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almost  as  convenient  'as  on  the  high  seas.  The  cross-sections  of 
the  excavated  canal  will  have  a  depth  of  30  feet,  width  at  water 
surface  of  from  174  to  288  feet,  and  bottom  width  from  80  to  120 
feet. 

The  harbors  are  to  be  improved  by  means  of  breakwaters  and 
piers,  and  the  eastern  and  western  extremities  of  the  canal  are  to  be 
widened  and  doepened  to  a£Ford  convenient  access,  safe  anchorage, 
and  dockage.  The  rock  cnt  to  be  made  is  3  miles  long,  with  an 
average  depth  through  that  distance  of  149  feet.  The  cost  of  this 
excavation  is  estimated  at  112,000,000.  A  dam  at  Ochoa,  1255  feet 
in  length  on  its  crest  and  52  feet  high,  will  convert  the  upper  64-5 
miles  of  the  San  Juan  Eiver  into  an  extension  of  the  lake.     The 
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dam  at  the  extremity  of  the  Tola  basin,  near  the  Pacific,  will  be 
2100  feet  long  on  the  crest  and  71  feet  high. 

For  impounding  the  waters  to  form  the  San  Francisco  basin 
five  dams  will  be  required,  varying  in  length  from  1200  to  170O 
feet,  but  of  no  great  heights,  and  some  secondary  embankment 
along  the  crest  of  the  impounding  ridge  from  5  to  30  feet  in  height. 

This  arrangement  is  a  substitute  for  a  single  dam  of  6000  feet 
in  length,  intercepting  the  Rio  San  Francisco  near  its  junction  with 
the  San  Juan. 

There  will  also  be  a  dam  and  a  waste-weir  at  the  east  end  of  the 
Descado  basin.  It  was  believed  that  the  work  could  be  completed 
in  six  years,  at  a  cost  of  $50,000,000.    Latest  estimate,  $100,000,000. 

The  climate  is  not  at  all  unhealthy.  The  necessar}'  labor  can  be 
drawn  from  the  neighboring  States,  which  will  also  supply  all  the 
fresh  provisions  needed.  There  is  an  abundance  of  excellent  timber^ 
stone,  clay,  sand,  and  limestone  found  along  the  line. 

The  locks  are  to  be  650  feet  long  between  the  gates,  70  feet 
olear  width  between  side  walls.  The  locks  will  be  built  of  concrete 
and  masonry. 

The  estimated  traffic  is  6,000,000  tons.  With  a  toll-rate  of  $2.50 
per  ton,  the  income  would  be  sufficient  to  pay  the  interest  on  a. 
capital  of  $200,000,000.  The  saving  of  distance  from  principal 
points  on  the  Atlantic  and  Pacific  will  be  very  considerable.  The 
following  table  gives  the  distances  by  several  routes  between  some 
points  of  importance: 

Table  LXXIXa. 

IXI8TARCB8  Uf  MABIlffE  XILBS  OF  1852  MBTBE8  (6076.6  FICBT). 

®y  ^I.  By  Cape  nvRw^ 

Panama.        Cape  Horn.    Bonne  Eaperanoe.         '  ouc». 

From  Havre  to— 

San  Francisco 8.000  15,000 

Callao  (Lima) 7.000  11 ,500 

Yalparaiso 8,000  10,000 

Yokohama 11,400  17,000  18.000 

Sbanghai 13,000  16,000  12,000 

Hong  Kong 18,600  15,500  11,000 

yroiii  New  York  to — 

8an  Francisco 6.000  14,000 

Callao 4.000  11,000 

Valpai-also 5,000  9,800 

Shanghai 11,000  15.000  14,000 


> 
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M.  Sautereau  also  suggests  the  employmefnt  of  locks  with  high 
lifts  for  the  Nicaragua  Canal.  He  recommends  on  the  Pacific  slope 
a  single  lock  with  a  fall  of  about  109  feet  at  Flor,  and  on  the  At- 
lantic slope  two  locks  and  dams  {deux  ecluses  barrages),  the  one  of 
42.6  feet  fall  and  the  other  of  65.6  feet,  which  will  be  sufficient  to 
overcome  the  difference  of  level  between  the  oceans  and  the  lakes. 
The  adoption  of  these  locks  reduces  the  works  to  their  simplest  ex- 
pression, and  admits  of  making  all  the  necessary  excavations  by 
means  of  hydraulic  forces  arising  from  the  excess  of  the  water  in 
the  lake.  It  admits  of  the  utilization  of  the  old  bed  of  the  San 
Juan  Biver  without  the  resort  to  manual  labor  or  mechanical  ap- 
pliances. 

The  question  as  to  the  number  of  locks  is  not  only  one  of  cost, 
but  also  of  time  and  expense  of  passing  through  them. 

The  following  analysis  of  cost  of  locks  is  given  for  what  it  is 
worth,  as  indicating  the  lines  upon  which  comparisons  can  be  made. 
This  was  made  in  connection  with  the  Nicaragua  GanaL 

Assuming  locks  600  feet  long  between  gates,  70  feet  clear  width, 
and  25  feet  draught :  in  locks  of  different  sizes,  and  well  propor- 
tioned in  capacity  for  doing  the  necessary  work,  approximately  pro- 
portional to  the  product  of  areas  and  draught,  the  following  data 
and  dimensions  are  usually  given : 

Total  length  of  side  walls 700  feet 

"         "        "lock  floor 700    " 

"     height  of  side  walls  =  lift  +  draught  +  4  feet. 

Length  of  thin  portion  of  wall 552    " 

Width  or  thickness  on  top  of  thin  portion  of  wall 10    " 

Width  or  thickness  at  bottom  of  thin  portion  of  wall  =  10 
feet  +  22^  of  height. 

Length  of  thick  portion  of  wall : 148    " 

Thickness  at  top  of  thick  portion  of  wall 16    ^ 

"  "  bottom  of  thick  portion  of  wall,  15  feet  +  32fl 

of  height. 

Length  of  mitre  wall  on  curve 75 

Height  of  mitre  wall  on  curve,  lift  +  12  feet. 
Thickness  of  mitre  wall,  two-thirds  lift. 

On  this  data  the  following  estimate  of  cost  is  made  on  the  basis 
of  cut-stone  masonry,  cut  stone  with  rough  backing,  and  with  con- 
•crete;  only  details  for  the  least  expensive  and  most  expensive  ar- 
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Tangements  to  oyercome  the  total  eleyation  of  110  feet,  with  the 
.same  number  of  locks  on  each  side  of  the  lake. 

With  four  locks,  two  on  each  side,  lift  55  feet  each: 

Cost  of  floors 9692,000                  |692,000  $692,000 

Cut  stooe.           Cut  flione  and  tMicking.  Concrete. 

*•  masonry 5,806,000                  3.706,000  2,968.000 

"  gates 1,806,000                  1,806.000  1,306,000 

metal 491,000                     491.000  491,000 


It 


Totals 98,297,000  96495,000  *  95,457,000 

With  twelve  locks,  six  on  each  side,  lift  18.3  feet  each : 

Cost  of  floors 91,449,000               91 ,449.000  91,449,000 

Cut  stone.  Cut  stone  and  backing.  Concrete. 

'•     "  masonry 7.502,000                  4,562,000  8,666,000 

'«     "gates 586,000                     586,000  586,000 

"     "metal 1,186,000                 1.186,000  1,186,000 

Totals 910.723,000  97,788,000  96,877.000 

For  an  intermediate  number  of  locks  the  lifts  and  quantities  vary 
somewhat,  in  the  proportion  of  the  number  of  locks.  The  follow- 
ing are  the  totals : 

COST. 

JNo.  of  Locks.          Lift.  Cut  stone.         Cut  stone  and  backing.       Concrete. 

2  110  feet.  910,967.000  18,501.000  97.587.000 

4              55    '*  8,961,000  6.691,000  5.894,000 

6  36.7    "  9,211.000  6.747,000  5.924,000 

8  27.5    "  9,776,000  7.124,000  6,264.000 

10      22  '•  10,611.000  7.719,000  6.809,000 

12  18.8  "  11,581,000  8,406,000  7,437,000 

The  above  includes  four  culverts  and  other  adjuncts. 

The  cost  of  operating  and  maintenance,  when  capitalized,  was 
found,  on  the  St.  Mary's  Canal  locks,  to  be  9562,000  for  each  lock, 
and,  as  this  will  be  practically  proportional  to  the  number  of  locks, 
the  equivalent  total  cost  would  be  found  by  adding  to  the  above 
sums  91,124,000  for  two  locks,  93,248,000  for  four  locks,  and  so  on. 
On  the  basis  of  concrete  locks,  the  total  equivalent  cost  will  be : 

For  2  locks,  98,711,000  For    8  locks,  910,760,000 

"    4      '"        8,142,000  "    10     «         12^429,000 

''    6      "        9,296,000  "    12     "         14,171,000 

There  is  no  advantage  to  be  gained  by  using  locks  having  differ- 
ent lifts  in  the  same  set. 
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The  cost  of  locks  alone^  with  a  total  rise  of  110  feet,  is  lest 
when  the  lift  is  55  feet.  The  cost  of  three  locks  in  a  set,  when 
built  of  concrete,  six  in  all,  is  only  130,000  more  than  two  locks  iu 
a  set,  or  four  in  all;  whereas  single  locks,  two  locks  in  all,  accord- 
ing to  the  above  estimate,  cost  $1,693,000  more  as  compared  with 
four  locks.  This  does  not  correspond  exactly  with  M.  SautereauV 
statement,  though  he  recommends  two  locks  on  one  side  and  only 
one  on  the  other.  But  it  appears  from  the  two  estimates  that  tbe 
number  of  locks  should  be  kept  as  low  as  practicable,  as  the  cost  of 
operating  and  maintaining  increases  with  the  number. 

Duplicate  locks  are  necessary  in  order  to  accommodate  a  large 
gathering  of  ships  at  any  one  time,  and  also  to  admit  of  repairs 
without  impeding  navigation. 

A  final  conclusion  was  drawn,  that "  the  usefulness  and  value  of 
the  canal  to  commerce  is  practically  the  same  with  or  without 
locks." 

This  proposition  can  hardly  be  maintained,  except  on  the 
ground  that  such  a  shortening  of  the  distanoe  will  command  the 
traffic  regardless  of  the  time  and  expense  of  passing  through  the 
canal.  It  is  argued,  on  the  contrary,  that  the  success  of  the  enf3r- 
prise  depends  upon  the  construction  of  a  canal  without  locks.  But 
this  is  certainly  impracticable  at  Nicaragua,  and  seemingly  so  at 
Panama. 

In  Fig.  417  (ft)  is  given  the  profile  along  the  Nicaragua  CanaU 
and  in  Fig.  417^  (a)  the  high  locks  and  interior  lake  formed  as  pro- 
posed by  M.  Santerean. 

1132.  St.  Mary's  Falls  OanaL — Length  of  the  locks  of  this 
canal  is  515  feet  between  gates;  width,  80  feet,  reduced  to  60  feet 
at  gates;  mean  draught,  14.6  feet;  mean  lift,  18.6  feet.  Lock-walls 
near  gates  are  thicker  than  the  central  portion  in  order  to  give 
weight  to  resist  thrusts  of  gates,  and  length  of  thick  wall  is  4  feet 
more  than  width  of  lock.  Part  of  wall  between  mitre- walls  is  10 
feet  thick  on  top.  Batter  on  back,  1  to  4.9  feet  in  old  lock,  1  to 
4.4  feet  in  new  lock;  width  of  wide  wall  at  bottom  39  per  cent 
greater  than  thin  portion  of  wall.  In  new  lock  width  at  gates  100 
feet,  and  wide  wall  80  per  cent  greater  than  narrow  wall  at  bot- 
tom. 

Facing  masonry  4  feet  deep,  coping  2  feet.  Entire  mitre-wall 
and  lining  of  gear-passages  are  of  cut  stone,  remainder  backing. 
Thickness  of  mitre-wall  13  feet.  Gates  of  oak,  with  ties  and  straps 
of  iron.     Conduits  for  water,  8  feet  square,  passing  through  wslla 
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and  tinder  the  floor  of  the  locks.  Water  admitted  into  lock  through 
29  small  apertures.  Floors  aud  conduits  of  timber  and  concrete 
bolted  to  rock.  Cost  per  square  foot  covered  by  conduits  and  floor, 
t2.38.  For  new  lock,  12.00;  cost  of  bolts  alone,  45  cents  per  square 
foot;  cut  stone,  $27.84  per  cubic  yard;  backing,  18.10;  concrete, 
$6.52  per  cubic  yard.  Time  filling  lock  12  minutes,  emptying  8 
minutes. 

Metal- work  of  lock  cost  $83,800;  valves,  $2000;  gate  anchorage, 
$T(X). 

Cost  of  engineering  and  superintendence,  8  per  cent  of  total 
cost. 

1133.  It  will  be  noticed  that  ship-canals  are  constructed  mainly 
with  the  view  of  shortening  the  distance  between  important  navi- 
gable bodies  of  water  and  to  avoid  difficult  and  perilous  routes,  and 
are  encouraged  and  supported  to  a  great  extent  by  all  governments 
as  constructions  of  common  and  public  interest.  The  Manchester 
Canal  was  constructed  to  transform  the  city  into  a  seaport,  and  was 
rendered  almost  necessary,  it  is  stated,  on  account  of  the  excessive 
charges  and  tariffs  imposed  by  another  and  rival  city  and  interven- 
ing railway  corporations,  both  of  whom  opposed  and  obstructed  in 
every  manner  the  construction  of  this  canal. 

The  construction  of  drainage-canals  will  now  be  briefly  con- 
sidered. 

1134.  Drainage-canaU. — The  main  considerations  in  drainage- 
canals  are  to  have  sufficient  volume  of  water  to  dilute  sewage  and 
thereby  avoid  offensive  odors,  and  a  sufficient  velocity,  to  prevent 
deposition  of  solid  matter  contained  in  sewage,  which  should  not 
be  less  than  2  feet  per  cent,  but  may  be  considerably  greater.     If 
the  excavations  and  embankments  are  of  earth,  the  velocity  should 
not  be  so  great  as  to  scour  the  bed  and  slopes,  otherwise  they  should 
be  protected  in  some  manner.     Large  heavy  masses  of  organic 
refuse  should  be  destroyed  by  cremation,  and  not  allowed  to  settle 
in  the  canal,  where  practicable  to  avoid  it.     Drainage-canals  are 
sometimes  used,  or  constructed  to  be  used,  as  navigable  canals;  this 
at  once  brings  in  the  conflict  of  velocities,  as  for  drainage  a  high 
velocity  is  desirable,  while  for  navigation  as  low  a  velocity  as  prac- 
ticable is  desirable. 

There  is  now  being  constructed  in  this  country  a  canal  which 
primarily  has  a  different  object  and  purpose  from  either  of  those 
already  described,  but  which  in  all  probability  will  form  a  link  in 
tlie  often-discussed  scheme  for  connecting  the  waters  of  the  Lakes 
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and  the  Oalf  of  Mexico  with  a  navigable  canal  connecting  the 
Lakes  with  the  Mississippi  Eiver,  thence  by  this  river  to  the  Gnlf. 

The  far-reaching  effect  upon  the  commerce  of  Chicago  and  the 
Lakes  will  be  immense,  gi^iug  uninterrupted  navigation  between 
Chicago  and  New  Orleans,  relieving  the  former  from  the  tolls 
that  her  commerce  has  to  pay  to  the  Canadians,  freeing  her  from 
the  delays  and  inadequate  facilities  of  the  New  York  and  Erie 
Canal,  and  affording  a  less  rate  for  tonnage  than  she  has  to  pay  for 
railroad  transportation.  It  will  make  New  Orleans  the  entrepot 
of  her  foreign  trade,  and  the  port  of  distribution  for  her  cereal  and 
provision  products.  In  this  respect  the  underlying  object  is  the 
same  as  that  which  led  to  the  construction  of  the  Manchester 
Canal.  Though  this  may  be  the  ultimate  result,  the  immediate 
object  of  this  canal  is  for  drainage  purposes. 

1136.  Drainage-channel  of  Chicago. — A  work  of  the  magnitude 
and  importance  of  this  drainage-channel  calls  for  more  than  a 
passing  notice  in  a  work  on  engineering.  This  canal  has  assumed 
a  national  importance,  in  that  it  is  designed  and  is  to  be  constructed 
to  form  an  important  portion  of  h  great  water-channel  connecting 
the  Great  Lakes  of  North  America  with  the  Mississippi  River,  and 
by  it  with  the  Gulf  of  Mexico.  (See  map  at  the  end  of  this 
volume.) 

It  is  an  accepted  fact  that  railroads  cannot  compete  with  water- 
carriage  in  hulls  of  1000  tons  or  over.  In  few  instances  have  rail- 
ways won  against  deep  interior  waterways.  The  day  of  small 
trunk  canals  is  passed,  that  of  deep  wide  channels  is  recognized. 

The  economical  advantages  to  Chicago  and  the  people  along  the 
sixteen  hundred  miles  to  the  Gulf  from  the  construction  of  this 
canal  will  be  incalculable. 

General  Poe,  in  charge  of  the  20-foot  waterway  improvement 
of  the  Lakes,  is  authority  for  the  statement  that  *'  the  saving  to  the 
public  in  1890  alone  was  1135,000,000,  two  thirds  of  all  the  expen- 
ditures of  the  Government  upon  rivers  and  harbors  up  to  date. 
Water  carriage  adds  but  6^  per  cent  to  the  average  value  of  goods, 
while  railway  freightage  adds  45  per  cent.  Who  can  doubt  that 
this  explains  the  enormous  relative  increase  in  wealth  and  popula- 
tion of  deep-water  ports  over  those  of  St.  Louis,  Cincinnati,  Louis- 
ville, and  New  Orleans.  A  14-foot  waterway  to  the  Gulf,  if  it 
follows  the  precedent  of  Lake  development,  will  be  lined  with 
manufacturing  towns  supplying  the  wants  of  near  consumers.  The 
South  especially  will  receive  a  new  impetus;  the  increased  demands 
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upon  her  forests  alone  will  bring  hundreds  of  cargoes  of  lumber 
and  ties  to  Northern  markets  annually.  There  will  also  result  a 
^eat  impulse  to  ship-building;  with  the  increase  of  national  secur- 
ity, the  new  route  by  way  of  the  Gulf  will  become  a  strong  com- 
petitor in  the  hands  of  Lake  ship-owners  for  much  of  the  grain  and 
provisions  now  transported  by  way  of  the  St.  Lawrence  and  the 
Erie  Canal." 

With  the  foregoing  facts  in  view  it  was  a  wise  forethought  on 
the  part  of  the  projectors  of  the  Drainage  Canal  to  make  proper 
provision  for  its  employment  as  a  navigable  ship-canal  throughout 
its  length. 

The  Sanitary  District  of  Chicago, — This  district  was  created  by 
an  act  of  the  Legislature  of  the  State  of  Illinois.  This  act  described 
the  capacity  of  the  channel  to  be  built,  the  functions  of  the  trustees, 
and  the  possible  financial  resources  of  the  district. 

Under  this  act  the  following-named  gentlemen  were  elected  to 
the  Board  of  Trustees:  John  J.  Altpeter,  William  Boldenweck, 
Lyman  E.    Cooley,   Bernard  A.   Eckhart, » Arnold  P.    Gillmore,v 
Thomas  Kelly,  Eichard  Prendergast,  William  H.  Bnssell,, Frank 
Wenter. 

OflScers— Prank  Wenter,  President;  ^^homas  F.  Judge,  Clerk; 
Melville  E.  Stone,  Treasurer;  Tsham  Bandolph,  Chief  Engineer; 
George  E.  Dawson,  Attorney  ;^  U.  W.  Weston,  Superintendent  of 
Constraction;  T.  T.  Johnson,  Hydraulic  and  Assistant  Chief 
Engineer, — together  with  a  full  corps  of  division  and  assistant 
engineers. 

As  soon  as  practicable  after  the  organization  of  the  Board  of 
Trustees  the  necessary  surveys  were  made  and  important  data  for 
the  rapid  prosecution  of  the  work  were  secured.  Actual  work  of 
construction  was  commenced  in  September,  1892,  and  has  been 
prosecuted  with  unparalleled  vigor  up  to  the  present  time. 

'^  While  the  channel  is  primarily  built  to  answer  the  sanitary 
requirements  of  the  present  and  the  future,  yet  nothing  has  been 
left  undone  to  make  it  possible  that  the  same  can  be  used  for  navi- 
gation as  an  outlet  to  the  South,  on  the  assumption  that  the  United 
States  Government  will  ultimately  construct  the  necessary  link 
from  Lockport  to  the  city  of  La  Salle,  a  distance  of  65  miles,  and 
from  La  Salle  to  the  mouth  of  the  Illinois  River,  a  distance  of  220 
miles.''    (See  President's  Report,  December  4,  1894.) 

Location  of  the  Canal. — The  channel  leaves  the  West  Fork  of 
the  South  Branch  of  the  Chicago  River,  near  Robey  Street,  and 
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extends  in  a  southwesterly  direction  to  Ijockport^  a  distance  of  28 
miles.  The  alignment  is  practically  straight,  there  being  only  one 
or  two  curves  with  radii  of  great  lengths.  It  follows  the  general 
direction  of  the  Desplaines  Biver,  and  occupies  for  a  considerable 
distance  the  old  bed  of  this  river.  This,  of  course,  necessitated 
the  excavation  of  a  new  channel  for  the  river  over  a  distance  of  21 
miles,  called  the  Diversion  Channel. 

Construction  of  the  Canal, — We  will  first  consider  the  con- 
struction of  the  canal  proper.  Owing  to  the  enormous  amount  of 
material  to  be  excavated  and  handled,  the  distance  of  28  miles  was 
divided  into  about  one-mile  sections,  each  section  being  let  to  con- 
tract separately.  The  entire  distance  is  now  under  contract.  Ac- 
cording to  the  character  of  the  material  to  be  excavated,  the  mile 
sections  are  known  as  rock  or  earth  sections. 

For  the  earth  sections  a  trapezoidal  cross-section  is  adopted,, 
having  a  bottom  width  of  202  feet,  and  side  slopes  both  above  and 
below  water  surface  of  2  to  1,  with  a  low-water  depth  of  22  feet, 
fall  of  1  in  40,000,  and  corresponding  velocity  of  flow  of  nearly  2 
feet  per  second. 

For  the  rock  sections  practically  a  rectangular  section  is  adopted. 
The  sides  are  vertical,  but  owing  to  the  manner  in  which  the  exca- 
vation is  made,  there  are  two  6-inch  offsets  on  each  side.  The 
bottom  width  is  160  feet,  top  width  162  feet,  with  a  low-water 
depth  of  22  feet,  and  corresponding  velocity  of  flow  of  nearly  3 
feet  per  second,  the  fall  being  1  in  20,000. 

In  addition  to  the  materials  of  earth  and  rock,  a  conglomerate 
known  as  glacial  drift  is  found  in  large  quantities.  This  material 
consists  of  a  compact  and  tough  cemented  gravel,  sand,  and  clay, 
containing  in  large  quantities  bowlders  of  all  diameters  from  two 
to  three  inches  to  as  many  feet.  There  are  fourteen  sections  of 
earth  and  glacial  drift,  six  sections  of  earth,  glacial  drift,  and 
underlying  solid  rock,  and  nine  sections  practically  of  solid  rock. 
The  average  depth  excavated  is  about  35  feet. 

The  average  cross-section  of  this  canal  is  greater  than  that  of 
the  Suez,  Manchester,  or  North  Sea  and  Baltic  canals. 

The  canal  is  entirely  in  excavation.  The  material  is  excavated 
from  the  proposed  channel  and  deposited  in  spoil-banks  alongside. 

Excavating  and  Handling  Machinery. — The  interesting  and 
instructive  features  of  this  work  consist  in  the  great  varietji 
novelty  in  design,  and  mammoth  dimensions  of  the  machines  and 
appliances  employed  in  excavating  and  handling  the  material 
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The  strong  competition  to  aecnre  the  work  necessarily  resulted  in 
securing  bids  by  the  trustees  at  bottom  prices,  and  this  incited  con* 
tractors  and  others  to  the  invention  and  use  of  many  novel  appli- 
ances in  order  to  reduce  the  cost  of  construction  to  a  minimum 
and  to  enable  them  to  complete  their  contracts  within  the  specified 
time.  It  is  not  too  much  to  say  that  there  exists  on  this  work, 
concentrated  in  a  distance  of  28  miles,  a  greater  variety  of  machines 
for  excavating  and  handling  the  material,  a  larger  collection  of 
these  machines  and  a  greater  expenditure  in  procuring  them — esti- 
mated at  $3,000,000 — than  was  ever  before  employed  on  one  piece 
of  work. 

A  detailed  description  of  these  machines  and  their  records  of 
work  in  cubic  yards  would  require  a  volume  to  contain  it. 

General  Description  of  Machines. — On  the  earth  or  glacial- 
drift  sections  can  be  seen  all  kinds  of  ordinary  excavators,  such  as 
drag  and  wheel  scrapers,  carts,  wagons,  a  variety  of  cars  on  tram- 
ways hauled  by  horse  or  steam  power,  steam- worked  hoisting- 
drums,  steam-shovel  excavators  of  every  known  type,  and  a  great 
number  of  inclines,  built  of  timber  or  iron,  of  various  designs.  On 
«ome  portions  of  the  work  covered  with  water  were  found  large 
quantities  of  silt  or  muck,  which  was  handled  mainly  by  hydraulic 
dredges,  but  in  part  by  the  ordinary  bucket-dredge. 

On  the  rock  sections  are  employed  mainly  large  derricks,  cable- 
hoists,  cantilevers,  channellers,  steam-drills,  etc.,  each  type  of 
machine  being  used  on  that  portion  of  the  work  where  experience 
indicated  it  was  best  adapted  and  could  be  most  economically 
operated.  Only  a  brief  description  of  some  of  the  more  novel  and 
expensive  machines  will  be  given  in  this  volume. 

Hifdraulic  Dredgers. — These  consist  essentially  of  a  large  cen- 
trifugal pump  connected  to  and   operated  by  engines,  and   the 
enction  and  discharge  pipes  leading  to  and  from  the  pump,  respec- 
tively, together  with  suitable  means  of  cutting  up  the  material  and 
feeding  the  same  to  the  end  of  the  suction-pipe.     The  suction-pipe 
can  be  from  9  to  18  inches  in  diameter  and  from  10  to  20  feet  in 
length.     It  is  supported  in  a  frame  which  can  be  lowered  or  raised 
and   turned   horizontally  through   any  desired   arc.     Commonly, 
however,  this  horizontal  motion  is  imparted  by  swinging  the  suc- 
tion end  of  the  barge,  upon  which  the  entire  machinery  is  placed, 
through  the  desired  angle  around  a  spud  at  the  other  end  as  a 
pivot.     The  discharge-pipe  can  be  of  sizes  corresponding  to  the 
auction-pipes,  and  can  be  of  any  desired  lengths,  reaching  from  the 
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pump  to  some  suitable  place  of  deposit,  selected,  or  prepared  by 
levees,  so  that  silt  and  water  discharged  cannot  return  to  the  chan- 
nel. Where  the  discharge-pipes  extend  over  water  to  silt  basins, 
they  have  to  be  supported  on  pontoons  or  some  similar  apparatus. 
The  bucket-dredger  consists  simply  of  a  large  bucket  attached  to 
the  end  of  a  beam  sliding  between  strong,  stiff  guides.  By  means 
of  suitable  machinery  and  gearing  the  bucket  is  lowered  to  the 
bed  of  the  stream,  pushed  forward  into  the  material,  and  when 
full  it  is  raised  and  swung  over  a  barge  alongside,  into  which  its 
content  is  dumped.  The  barge,  when  full,  is  taken  to  the  proper 
place  and  discharged. 

The  more  novel  and  expensive  machines  are  employed  in  exca- 
vating and  handling  the  material  in  the  rock  sections.  These 
sections  are  entirely  in  solid  rock,  to  the  full  depth  of  about  36 
feet,  except  a  few  inches  or  feet  of  soil  at  the  surface.  This  is 
taken  out  in  three  'Mifts^'  of  12  feet  each.  The  general  operation 
is  as  follows:  After  removing  the  surface  soil  and  exposing  the 
rock,  a  series  of  steam-power  drills  or  channellers  running  on 
tracks  built  for  this  purpose  are  set  to  work  along  the  outer  side 
lines  of  the  canal.  These  cut  a  vertical  channel  about  2  to  3 
inches  wide,  12  feet  deep,  and  of  any  desired  length,  thus  separat- 
ing the  core,  which  is  the  full  width  of  the  canal,  from  the  rock 
outside  its  limits.  This  work  of  the  channeller  is  continuous  along 
the  line  of  the  canal.  Upon  the  core  thus  separated  is  placed  a 
number  of  ordinary  steam-drills,  so  called.  These  are  now  oper- 
ated by  compressed  air  almost  exclusively.  Plants  for  supplying 
compressed  air  are  placed  at  convenient  points  near  the  excavation. 
The  air  is  carried  along  the  canal  in  large  pipes,  from  which  smaD 
pipes  lead  to  the  drills.  After  drilling  a  number  of  holes,  these  are 
charged  with  dynamite,  tlie  explosion  of  which  brings  down  large 
masses  of  rock — often  in  large  blocks,  which  have  to  be  broken  by 
small  blasts  into  smaller  pieces,  of  sizes  convenient  to  handle. 

In  this  manner  any  desired  portion  of  the  first  "liff  is  exca- 
vated. The  channellers  and  drills  are  then  set  to  work  on  the 
second  "lift,"  and  finally  on  the  third  or  bottom  one.  In  this 
manner  this  canal  is  being  excavated  for  miles  of  its  length.  Ap 
the  material  is  thus  thrown  down  by  the  explosions  of  dynamite  it 
is  removed  from  the  canal  excavation  and  deposited  on  one  or  both 
sides.  For  this  purpose  some  mammoth  iron  derricks  are  em- 
ployed. A  car,  capable  of  running  on  a  track,  carries  a  turntable 
similar  to  that  of  a  swing-bridge,  upon  which  is  carried  the  neces- 
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sary  machinery,  and  from  which  projects  a  stiff  iron  boom  160  feet 
in  length.  The  general  operation  of  this  machine  is  similar  to  that 
of  any  ordinary  derrick.  The  material,  however,  is  mainly  handled 
by  means  of  cable-hoists  and  cantilevers. 

Oable-hoists, — The  cable-hoist  consists  essentially  of  two  strong 
platforms  or  cars  capable  of  moving  on  tracks,  one  on  each  side  of 
the  canal,  upon  which  rests  all  the  necessary  machinery,  and  upon 
each  of  which  is  erected  a  strong  timber  tower  about  60  feet  in 
height.  A  strong  wire  rope,  called  the  carrier-cable,  2^  inches  in 
diameter,  passes  over  saddles  on  the  tops  of  the  towers,  its  ends 
being  firmly  fastened  to  the  platforms.  Upon  this  is  placed  an 
iron  frame  with  grooved  wheels.  To  each  end  of  this  frame  is 
attached  one  end  of  a  smaller  cable,  the  middle  portion  of  which 
is  wrapped  aronnd  a  hoisting  -  drum.  This  cable  passes  over 
sheaves  placed  in  the  top  of  the  towers,  and  with  the  frame  consti- 
tutes an  endless  cable,  and  is  used  for  hauling  the  frame  along  the 
carrier-cable.  As  one  portion  of  the  hauling-cable  winds  around 
the  drum  another  unwinds,  and  in  this  manner  the  frame  can  be 
moved  and  stopped  at  will.  The  hoisting-cable  is  attached  at  one 
end  to  a  hoisting-drum  and  at  the  other  to  the  movable  frame, 
after  passing  over  sheaves  in  the  top  of  the  towers  and  in  the 
movable  frame,  a  suspended  or  movable  sheave  is  raised  or  lowered 
by  means  of  the  hoisting-cable,  and  carries  chains  and  hooks  for 
taking  hold  of  the  skips  or  large  iron  buckets  into  which  the 
broken  rock  is  placed.  There  is  also  a  dumping-cable  attached  at 
one  end  to  the  hoisting-drum  and  at  the  other  to  the  rear  end  of 
the  skip.  This  cable  is  so  connected  that  while  the  frame  is  being 
run  along  the  cable  and  the  skip  is  being  raised  or  lowered  its 
speed  is  that  of  the  hoisting-cable,  and  the  skip  holds  its  loud; 
bnt  by  a  very  simple  device  it  can,  when  desired,  be  made  to  run  a 
little  faster,  the  effect  of  which  is  to  raise  the  rear  end  of  the  skip, 
and  in  this  manner  discharge  its  load.  This  device  is  the  inven- 
tion of  Mr.  Charles  Locker,  one  of  the  contractors  on  the  canal 
work,  and  by  it  the  cable-hoist  has  been  advanced  as  a  strong  com- 
petitor of  the  cantilever  for  this  kind  of  work. 

Cantilevers, — The  cantilever  consists  essentially  of  a  trussed 
bridge  built  on  a  slope  and  resting  on  top  of  an  iron  or  steel  tower, 
the  whole  resting  on  a  car  or  platform,  movable  on  a  track  built  for 
the  purpose.  The  necessary  machinery  also  rests  upon  the  same 
car.  On  one  side  of  the  tower  the  cantilever-arm  slopes  downward 
and  over  the  material  to  be  excavated,  and  on  the  other  side,  up- 
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ward  and  over  the  place  for  depositing  the  material.  Carried  bj 
this  truss  or  cantilever  is  a  system  of  cables  and  pulleys,  by  means 
of  which  an  iron  frame  can  be  carried  from  one  end  to  th^  other  of 
the  tmss^  as  well  as  raised  or  lowered  at  will.  The  cables  are  oper- 
ated by  the  machinery  on  the  car. 

The  operation  is  as  follows :  The  frame  is  mn  along  the  canti- 
lever until  a  point  is  reached  vertically  over  a  loaded  skip  or 
bucket.  It  is  then  lowered  to  the  bottom  of  the  excavation,  and 
connected  to  the  skip  by  means  of  hooks;  the  motion  is  then  re- 
versed, the  skip  is  raised  nearly  to  the  floor  of  the  truss,  and  thence 
along  it  to  or  near  the  other  end,  where  arrangements  are  made  to 
tilt  and  dump  the  skip  automatically.  The  empty  skip  is  then  ran 
back  to  some  suitable  point  and  lowered  to  the  bottom  of  the  exca- 
vation,  where  it  is  reloaded,  connection  made  with  another  skip, 
and  the  same  operation  repeated.  The  cantilever  as  a  means  of 
handling  excavated  material  has  been  used  for  the  first  time  on 
this  work,  and  has  given  entire  satisfaction.  It  may  be  said  that 
without  the  invention  and  use  of  this  apparatus  the  execution  and 
completion  of  this  work  conld  not  have  been  accomplished  in  so 
short  a  time.  This  is  said  without  any  disparagement  of  the  cable- 
hoist  as  now  at  work.  It  did  not  at  first  adapt  itself  to  this  class 
of  work,  ai)d  without  the  invention  of  the  automatic  dumping 
arrangements  it  could  not  have  been  advantageously  used,  either 
considered  from  an  economic  or  speed  standpoint^  while  well 
ad«ipted  to  many  other  important  purposes. 

There  has  been  considerable  competition  between  the  manufac- 
turers of  the  two  machines.  It  is  seemingly  admitted  that  the 
cantilever  is  capable  of  handling  a  greater  quantity  of  material  in 
a  day,  but,  owing  to  its  greater  cost,  it  is  claimed  that  the  cable- 
hoist  handles  its  material  more  economically^  can  handle  larger 
blocks,  and  reduces  the  danger  to  the  workmen  to  a  minimam. 

The  total  estimated  quantities  of  excavation  are: 

Solid  rock 12,000,000  cubic  yards. 

Glacial  drift 28,000,000      « 


Aggregate 40,000,000 


€€  tC 


Of  this  amount  44.43  per  cent  has  been  removed  at  this  date 
(Jan.  1,  1895).  The  Chief  Engineer  believes  that  the  entire  work 
will  be  completed  by  the  fall  of  1896. 


0ANAL9.  1417 


COLLATBRAL  WORKS. 

It  might  be  expected  in  the  execution  of  a  work  of  this  natare 
and  magnitude  that  there  would  be  a  number  of  works  necessary 
to  be  constructed  not  included  in  the  canal  proper.  Only  the  more 
important  of  these  will  be  described. 

River  Diversion. — As  has  been  stated,  the  canal  occupies  the 
old  bed  of  the  Desplaines  River  for  a  distance  of  twenty-one  miles. 
This  necessitated  the  diversion  of  the  river  into  a  new  channel. 
The  work  required  consisted  in  excavating  a  new  channel  for  the 
river,  and  the  construction  of  levees  to  prevent  the  flood-waters  of 
the  river  from  flowing  into  the  canal.  The  levees  are  constructed 
of  the  material  taken  from  the  new  river  channel  and  the  canal. 
These  and  the  banks  of  the  river  will  be  protected  by  riprap  or 
masonry  where  necessary.  A  considerable  portion  of  the  levees 
had  to  be  constructed  by  dumping  earth  from  cars  run  out  on  a 
pile-trestle  built  for  the  purpose. 

"The  work  of  the  past  year  includes  flood-measurements  of 
the  Desplaines,  which  gave  results  corroborative  of  the  curves  pre- 
viously established,  and  demonstrated  the  correctness  of  the  calcu- 
lations on  which  the  grades  and  sections  of  the  diversion  channel 
had  been  computed  to  insure  sufficient  capacity  for  the  service  it 
must  perform.  The  total  cost  of  the  river  diversion,  including  the 
spillway  and  levees,  is  $1,079,397.40.'' 

Spillway. — The  spillway  is  a  concrete  dam  397  feet  long,  5  feet 
wide  on  top,  with  a  front  face  batter  i  to  1,  rear  face  vertical; total 
height  10  feet.  This  is  connected  at  its  ends  with  massive  concrete 
abutments.  The  coping  of  both  dam  and  abutments  is  of  large 
limestone  blocks,  obtained  from  the  quarries  of  the  Western  Stone 
Company  located  along  the  line  of  the  canal. 

The  necessity  of  this  dam  or  weir  will  be  clearly  appreciated 
from  the  following:  During  the  spring  floods  the  current  in  the 
Chicago  Biver,  whose  waters  are  loaded  with  and  poisoned  by  a 
large  quantity  of  sewage,  sets  strongly  towards  the  lake.  This 
effect  has  heretofore  been  intensified  by  a  large  inflow,  during 
periods  of  floods,  through  the  Ogden  pass  from  the  Desplaines 
River.  As  a  consequence  the  water  of  Lake  Michigan,  as  far  out — 
4  miles — as  the  intake  for  the  water-supply  of  the  people  of  the 
city  of  Chicago,  has  been  almost  annually  rendered  unfit  for  drink- 
ing and   cooking  purposes   by  its  admixture  and   impregnation 
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with  the  sewage  of  the  city.  It  was  therefore  deemed  advisable  to 
check  this  flow  from  the  Desplaines  into  the  Gliicago  River  by 
constructing  a  dam  across  the  pass  mentioned^  and  thereby  force 
the  waters  of  the  Desplaines  to  follow  its  own  channel.  Owing, 
however,  to  the  inadequate  dimensions  of  the  channel  through  the 
city  of  Joliet,  it  was  not  considered  safe  or  wise  to  divert  at  the 
present  time  the  entire  flood  discharge  of  the  Desplaines.  Tbe 
height  of  the  spillway  was  therefore  adjusted  to  the  carrying  ca- 
pacity of  the  present  channel  through  Joliet.  When  the  contem- 
plated improvements  are  made  in  this  portion  of  the  channel  the 
weir  will  be  raised  so  as  to  compel  the  entire  flood  discharge  of  tbe 
river  to  flow  in  its  own  proper  channel.  The  water  flowing  into 
the  canal  from  the  Chicago  River  will  carry  the  sewage  along  the 
canal,  and  not,  as  now,  into  the  lake.  The  result  will  be  that  not 
only  will  the  source  of  water-supply  in  the  lake  be  kept  pure,  but  the 
Chicago  River  itself  will  be  relieved  of  its  load  of  sewage  and 
changed  from  its  present  foul  condition  and  appearance  into  a  clear- 
pure  stream. 

The  river  diversion  and  the  spillway  are  the  two  more  im- 
portant hydraulic  problems  which  have  thus  far  been  satisfactorily 
solved  and  consummated.  In  this  connection  the  Chief  Engineer 
says:  "  The  spillway  was  completed  during  the  early  fail,  at  a  total 
cost  of  $20,518.40.  The  flood  of  March  last  demonstrated  the 
great  value  and  efficiency  of  this  work,  and  Chicago  then  reaped 
the  first  substantial  benefit  from  the  great  scheme,  which  she  has 
entrusted  to  your  wisdom  and  loyalty  to  her^best  interests.  Tins 
flood,  but  for  the  intervention  of  the  spillway,  would  have  swept 
pollution  and  disease  into  the  fountain  of  her  dnn king- water,  as 
has  been  done  year  by  year  in  the  past;  but  its  turbid  waters  were 
turned  aside,  save  for  a  limited  flow  of  about  sixty  hours,  which 
was  not  sufficient  to  cause  any  damage."  As  stated,  this  dam  will 
be  raised  to  a  sufficient  height  to  divert  the  entire  maximum  flow 
as  soon  as  practicable. 

Controlling  Works. — *'  These  works,  of  such  vital  importance  to 
the  success  of  the  great  enterprise  you  have  in  hand,  have  been 
carefully  considered  during  the  past  year,  and  alternate  plans  have 
been  gotten  up  and  the  merits  of  each  carefully  weighed  and  con- 
trasted. The  plan  which  combines  the  greatest  advantages  with  the 
least  cost  is  a  combination  of  lifting-gates  and  a  section  of  bear- 
trap  dam.  There  will  be  eight  of  these  lifting-gates,  working  be- 
tween solid  masonry  piers;  they  will  be  lifted  vertically  by  mechan- 
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ism,  operated  from  bridges  spanning  the  spaces  between  the  piers^ 
each  space  or  opening  will  be  30  feet  wide.  These  gates  are  a  modi- 
fication of  what  is  known  as  the  Stoney  Gate,  with  special  features 
designed  for  this  work.  The  bear-trap  dam  will  be  160  feet  be- 
tween bulkheads.  This  dam  will  be  unlike  either  the  Lang,  the 
Parker,  or  the  common  bear-trap,  as  conditions  obtaining  on  this 
work  admit  of  a  departure  from  those  examples  in  several  particu- 
lars. The  designs  for  this  work  haye  been  prepared  under  the  im- 
mediate charge  and  direction  of  Mr.  T.  T.  Johnson,  First  Assistant 
Chief  Engineer.     The  estimated  cost  of  this  work  is  $160,000.^' 

Tail-race. — The  maps  and  cross-sections  of  this  work  have  been 
completed  from  careful  and  accurate  surveys,  and  its  route  finally 
determined  Upon.    The  estimated  cost  is  1425,260. 

Work  between  the  Waste-weir  of  the  Tail-race  and  the  Upper 
Basin  at  Joliet. — This  work  consists  of  removing  obstructions  from 
the  channel  of  the  Desplaines,  deepening  same  at  different  points 
and  building  such  levees  as  are  required.  Estimated  cost  of  thia 
improvement,  $150,000. 

Work  through  Joliet. — This  work  consists  of  deepening  and  en- 
larging the  channel  of  the  Desplaines,  making  proper  provisions 
for  maintaining  the  navigation  of  the  Illinois  and  Michigan  Canal, 
and  affording  necessary  protection  to  the  city  of  Joliet  against 
flood  damages.    Estimated  cost,  11,760,000. 

These  works  and  improvements  involve  many  difScult  and  intri- 
cate problems  in  hydraulics.  The  full  details  of  the  necessary  con- 
structions have  not  as  yet  been  made  public. 

"  The '  construction  of  the  drainage-canal,  unlike  the  other 
great  canals  of  the  world,  involves  the  continual  flow  through  it  of 
a  large  volume  of  water.  The  design  of  the  work,  therefore,  has 
involved  the  consideration  of  an  inclined  grade,  together  with  the 
influence  of  varying  flow,varying  slope,  and  varying  elevation  of  Lake 
Michigan.  The  volume  of  flow*  contemplated  is  such  as  to  truly  class 
the  canal  as  a  great  river,  the  hydraulic  ramifications  of  which  involve 
the  permanent  level  of  the  Great  Lakes,  the  depth  and  overflow  of 
the  valley  of  the  Illinois  Biver,  and  in  fact  the  navigable  low-water 
depth  of  the  Mississippi  River/' 

Bridges. — A  large  number  of  swing-bridges  for  carrying  both 
highways  and  railways  over  the  canal  will  be  ultimately  required. 
The  question  at  present  involved  is  whether  it  is  not  better  to  build 
temporary  flxed  bridges  of  some  cheap  design,  and  when  the  canal 
is  open  to  navigation  remove  these  and  build  swing-bridges,  rather 
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than  incur  at  present  the  far  greater  expense  necessary  to  constmct 
swing-bridges  of  a  permanent  nature  for  which  there  will  be  no 
use  for  several  years  to  come.  This  is  purely  an  economic  question 
as  to  which  there  is  room  for  a  difference  of  opinion. 

The  foregoing  description  has  been  abstracted  from  the  reports 
of  the  president  and  chief  engineer  for  1894,  supplemented  from 
personal  examinations  of  the  work  now  under  construction. 


EXHIBIT  4r-CmEF  ENGINEER'S  REPORT,  1894. 

Estimated  Cost  of  the  Main  Channel  and  Auxiliary  Works  of  the  Sanitary 

District  of  CJiicago, 


Designation  of  Work. 


Section. 


O. 

N. 
M. 
L. 
K. 
I.. 
H. 
G. 
F. 
E. 
D. 
C 
B 
A. 
1 


Cost. 


$844,788.93 
266,188.89 
156,858.45 
217,070.56 
288,969.25 
284.962.25 
812,339.28 
881,941.00 
848,749.51 
606,618.14 
686,997.02 
486,819.17 
485,120.38 
918,789.02 

1,286,190.98 


Designation  of  Work. 


Section. 


2. 
8 

4. 

5. 

6 

7. 

8. 

9. 
10. 
11. 
12. 
18. 
14. 
15. 


Total  of  Main  Channel  under  contract 
Levee,  Lock  4,  to  Dani  No.  1 


Total  Main  Channel  and  Auxiliary  work  now  under  contract. 


Cost. 


1922,256.86 
886,769.87 

1,022,199.72 
765.746.66 
755.580.17 
827.485.88 

1,028,180.72 
820,185.69 

1,022,850.47 
840,519.82 
857.007.05 
866.740.75 
928,598.20 
472,158.00 


$18,978,025.64 
18.052.85 


$18,991,078.49 


Further  Work  Contemplated  but  not  Contracted  for. 

Regulating  Works $160,000.00 

Tail-race 425,260.00 

Tall-race  to  Upper  Basin 150,000.00 

Between  Sectloa  15  and  Upper  Basin $785,260 .  00 

Head  Upper  Basin  through  Joliet 1,760,000.00 

$2,495,260.00 
Fixed  bridges 1,388,689.82 


1422  IRRIGATION  CAKAL8. 


Total  work  yet  to  be  contracted  for  on  baais  of 

fixed  bridges 18,888,899.83 

Total  covered  by  existing  conti-acto 18,978,025.6% 

Total  estimated  cost  of  construction  on  basis  of 

flxedbridges $22,850,984.96 

Total  expenditures  for  Engineering  and  Super- 
intendence up  to  December  81,  1894 $596,575.89 

Estimated    future    cost   of    Engineering   and 

Superintendence 405,066.12 

Total  cost  of  Engineering  and  Superintendence.  1,001,642.01 

Total  cost  of  Engineering,  Superintendence,  and 

Construction $28,858,566.97 

Expended  to  Dec.  81,  1894,  for  Construction. . .    $7,027,294.78 
Expended  to  Dec.  81,  1894,  for  Engineering  and 

Superintendence 596,575.89 

Total  for  Construction,  Engineering,  and  Super- 
intendence   7,628,870.67 

Balance  needed  on  basis  of  fixed  bridges $16,202,(44.85 

The  foregoing  estimates  will,  I  believe,  be  borne  out  by  the  actual  cost  of 

the  completed  work  of  the  Sanitary  District. 

(Signed)  Isham  RAin>OLPH, 

Cliitf  Engineer, 
Chicago,  January  16,  1895. 

The  preceding  tables  show  the  amount  of  work  done  to  and  in- 
cluding December  3l8t,  1893,  during  1894,  also  total  to  date  as  per 
youchers,  regular  contracts,  and  estimated  cost  of  the  main  channel 
and  auxiliary  works  of  the  Sanitary  District  of  Chicago.  The 
writer  desires  to  express  his  thanks  for  the  uniform  kindness  and 
courtesy  of  the  officers  of  the  Sanitary  District,  who  have  afforded 
him  every  opportunity  of  examining  their  works  and  records. 

1136.  Irrigation    Canals, — Having   fully  discussed  dams  for 
storing  water  for  irrigation  purposes,  waste- weirs,  the  general  oon- 
strnction  of  regulating  works  at  the  entrance  of  the  canal  into  tbe 
reservoir,  which  are  intended  to  prevent  the  flood -waters  from 
entering  the  canal  and  at  tlie  same  time  regulate  the  admission  of 
the  requisite  quantities  of  water  into  it  to  furnish  the  proper 
irrigation  supply,  it  would  be  beyond  our  scope  to  enter  into  too 
great  detail  of  the  construction  of  regulating-gates,  which  may  be 
of  timber  or  iron,  and  opened  by  sliding  in  grooves  or  tamiDg 
on  axles.     It  is  generally  advisable  to  provide  for  the  proper  dis- 
charge by  using  a  number  of  small  gates  rather  than  one  or  two 
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large  ones.  The  supply  can  be  better  regulated^  and  there  is  less 
danger  of  accidents^  causing  disastrous  results;  band-power  can  be 
used  to  open  and  shut  the  gates;  renewals  and  repairs  can  be  better 
executed;  provision  can  be  made  to  meet  a  varying  or  increased 
demand  more  conveniently  and  satisfactorily.  What  follows  will 
be  confined  to  a  few  general  directions  and  remarks  on  the  actual 
construction  of  the  canal  in  earth  and  flumes. 

If  the  material  through  which  the  excavations  and  with  which 
the  embankments  are  to  be  made  is  too  light  and  porous,  the  bed 
and  slopes  must  be  made  water-tight  by  means  of  clay  puddle. 
This  may  be  effected  by  a  layer  of  puddle  forming  a  continuous 
sheet  in  the  slopes  and  under  the  bottom.  This  may  be  entirely 
imbedded  and  covered  over  with  other  material  to  the  depth  of  one 
or  more  feet.  This  covering-layer  may  be  porous,  but  should  have 
stability  against  scour  from  the  current.  If  such  material  is  not 
available,  it  will  then  be  better  to  make  the  main  body  of  the  banks 
of  any  heavy  material  convenient,  and  place  the  layer  of  puddle  on 
the  outside  of  the  slopes  and  over  the  bottom  bed.  It  is  a  question 
whether  this  latter  plan  is  not  better  both  for  canal-banks  and  res- 
ervoir-banks. It  is  more  liable  to  be  disturbed  or  disintegrated  by 
the  action  of  frost,  unless  always  covered  by  water.  It  is  not  un- 
common to  rely  entirely  upon  a  puddle  or  concrete  core  in  the  cen- 
tre of  bank,  supported  by  a  sufficiently  heavy  mass  on  the  outer 
face  to  resist  the  pressure  from  the  water  and  saturated  material  on 
the  inner  face.  It  has  been  found  practically  impossible  in  some 
cases,  especially  in  India,  where  such  canals  have  very  high  em- 
bankments, to  give  stability  to  the  banks  as  ordinarily  constructed. 
Water  will  find  its  way  into  the  interior  of  the  embankment,  result- 
ing in  softening,  or,  little  by  little,  scouring  a  channel  through  it, 
and  ultimately  in  entire  failure  of  the  work. 

1187.  The  Soonkesala  Canal. — This  long  canal,  intended  both 
for  irrigation  and  navigation,  constructed  in  India  under  great 
difficulties,  requiring  unusually  high  cuttings  and  embankments, 
has  been  selected  as  illustrating  what  are  and  should  be  the  char- 
acter of  construction  for  canal-banks.  The  following  abstracts 
are  taken  from  a  paper  by  John  Herbert  Latham,  M.A.,  C.E.,  and 
discussed  by  other  members  of  the  Institution  of  Civil  Engineers. 
See  Van  Nostrand's  Magazine,  November  and  December,  1876. 

The  canal  is  about  190  miles  long.  The  first  T5  miles  is  in- 
t.ended  to  carry  400,000  cubic  yards  of  water  per  hour,  and  after 
gradually  parting  with  100,000  cubic  yards  the  remaining  300,000 
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is  carried  on,  parting  with  and  acquiring  water^  and  finallj  canyiog 
at  its  lowest  extremity  about  100,000  cubic  yards. 

The  diversion  weirs  are  either  of  solid  rubble  masonry,  of 
gravel  concrete  faced  front  and  rear  with  rubble,  or,  as  in  later 
types  of  weirs,  of  rubble  masonry  faced  with  limestone  ashlar  on 
the  lower  face,  averaging  3  feet  in  thickness  where  exposed  to  con- 
cussion. The  thickness  at  top  of  these  weirs  is  8  feet  under 
coping.  The  coping  is  limestone  1  foot  in  thickness,  and  every 
other  stone  is  a  through-stone,  weighing  about  1^  tons.  These 
stones  are  joggled  in  some  cases. 

The  heights  of  these  weirs  vary  from  7  to  26  feet.  In  some 
cases  there  is  a  batter  of  1  in  8  on  each  face,  in  others  1  in  4  on 
the  rear  or  up-stream  face,  and  vertical  on  the  front.  The  greatest 
height  of  water  over  the  crest  is  7^  feet. 

These  weirs  are  founded  on  a  rocky  river-bed.  Portland 
cement  mortar  is  only  used  in  the  joints  of  the  coping.  The 
headworks  weir  is  a  solid  limestone  rubble-masonry  wall,  6  feet 
thick  under  coping  and  a  batter  of  1  in  4  on  up-stream  face, 
vertical  on  exposed  face.  As  these  weirs  are  built  on  a  soft  shale, 
the  overflow  water  would  undermine  the  weir;  therefore  an  ex- 
cavation is  made  in  the  shale  and  lined  with  masonry,  thus  form- 
ing a  water-cushion  to  break  the  shock  of  falling  water. 

The  bottom  width  of  the  canal  is  from  45  to  90  feet  The 
fall  per  mile  is  adapted  to  deliver  the  requisite  quantity  of  water 
along  the  several  reaches,  without  increasing  the  depth  beyond  8 
or  9  feet.  The  proper  locks  are  placed  where  required;  these  are 
120  feet  long,  and  have  a  depth  of  5.5  feet. 

The  grade  or  fall  of  the  canal  where  it  is  taken  down  the 
irrigating  channel  varies  between  18  inches  a  mile  in  one  or  two 
deep  cuttings  and  a  level  in  the  tanks  formed  where  the  canal  is 
carried  over  an  open  valley  by  damming  it  across.  In  other  places 
it  is  usually  from  4  to  6  inches  a  mile.  The  last  seems  to  be  the 
most  suitable  fall  where  the  banks  and  cuttings  are  of  cotton  soil 
unprotected  by  revetments. 

The  more  rapid  the  fall  the  less  silt  deposited,  but  the  greater 
the  current  against  ascending  boats. 

The  chief  interest  and  novelty  in  the  construction  of  the  canal 
is  the  mode  of  forming  the  banks.  These  range  up  to  a  height  of 
50  feet  above  the  ground  along  their  crest-line,  but  being  con- 
structed usually  on  sloping  ground,  the  height  above  the  toe  of  the 
lower  slope  is  much  gi*eater.     A  number  of  different  forms  of  croBi- 
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section  and  character  of  construction  have  been  nsed-^simple 
filling,  masonry  wall,  masonry  face-wall,  masonry  revetment- wall, 
paddle  face-bank,  and  pnddle  core-bank*  Some  of  these  have 
failed  or  given  much  trouble,  and  required  watching  and  costly 
repairs. 

The  strongest  and  best  sections  are  shown  in  Figs.  418,  419, 
the  choice  between  the  two  bemg  only  one  of  cost.  Then  foUowa 
a  lengthy  discussion  of  the  theoretically  perfect  bank.  The  fol- 
lowing are  the  essential  points: 

Failure  will  take  place  either  from  the  soil  taking  a  flatter 
slope,  when  acted  upon  by  the  water,  than  that  originally  intended, 
or  from  leaks  forming  holes  through  the  bank  and  ultimately 
destroying  it. 

It  is  claimed  that  soil  acted  upon  by  water  does  not  become 
viscous,  i.e.,  chemically  semi-fluid^  and  that  for  all  practical  pur- 
poses the  action  is  mechanical. 

The  flattest  slope  taken  by  dry  material  is  that  of  ground  quick* 
lime;  as  it  runs  dry  from  the  grindstones  it  assumes  a  nearly  flat 
slope;  and  the  natural  slope  which  ordinary  dry  material  deposited 
at  hap-hazard  will  stand  is  steeper  in  proportion  as  the  particles  are 
angular  and  rough,  and  flatter  in  proportion  as  they  approximate 
to  polished  spheres.  The  effect  of  a  little  water  or  moisture  is 
virtually  to  increase  the  roughness  of  the  particles,  supposing  no 
chemical  action;  the  cohesion  of  small  surfaces  in  contact  being 
increased  so  much  that  if  the  particles  are  small  the  material  may 
stand  vertically  when  damp,  or  at  an  overhanging  slope.  Excess 
of  water  may  have  a  very  different  effect,  which  will  depend  upon 
the  nature  of  the  material.  Thus  a  mass  of  rubble  or  gravel  con- 
sists of  materials  of  such  size  as  to  be  unaffected  by  the  presence 
of  water,  as  far  as  regards  the  relative  positions  the  pieces  are  dis* 
posed  to  take,  except  when  the  flow  of  water  is  so  violent  as  to  dis- 
place them  by  mere  force  of  impact.  In  clean  sand,  composed  of  a 
collection  of  insoluble  particles  or  grains  so  small  that  though  after 
being  thoroughly  wet  much  of  the  water  if  allowed  will  drain  off, 
yet  enough  will  remain  to  increase  cohesion,  and  so  much  as  to 
equal  or  exceed  the  force  of  gravity  on  any  particle.  Clayey  earth 
has  its  particles  so  fine  as  to  retain  by  cohesion  a  sufficient  quantity 
of  water  to  separate  or  nearly  separate  them,  and  to  render  the 
mass  viscid;  and  so  it  will  remain  until  the  water  is  squeezed  out 
by  pressure  or  dried  up  by  heat;  it  may  require  an  intense  pressure 
or  heat  to  render  such  a  material  really  dry,  but  a  moderate  press- 
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lire  or  heat  may  render  it  very  hard.  When  really  dry  the  material 
will  have  become  stone,  or  so  like  stone  that  the  particles  will  not 
separate  if  again  exposed  to  water.  But  if  only  moderately  dry,  as 
it  is  found  in  banks,  it  is  possible  that  when  water  is  admitted 
into  the  crevices  or  pores  of  the  material  it  may  so  loosen  the  par- 
ticles as  to  make  them  easy  to  separate,  and  incapable  of  resisting 
the  slightest  action  of  running  water. 

In  case  of  water  flowing  through  a  crack  or  burrow,  no  danger 
will  result  unless  the  material  be  tough  clayey  soil;  a  sandy  soil 
soon  Alls  in.  In  a  tough,  loamy  clay  a  crack  is  much  more  danger- 
ous, for  the  soil  is  nearly  impervious,  and  the  effect  is  simply  to 
cut  galleries  or  caverns  often  5  or  6  feet  in  diameter. 

The  slipping  of  the  banks  arises  from  the  water  being  forced 
into  the  interstices  or  fissures  by  pressure  faster  than  it  can  drain 
or  dry  out — as  where  the  outer  slope  is  made  of  sand,  or  where  a 
bank  is  made  entirely  of  a  moist  clay,  not  rammed  or  puddled;  and 
the  greater  weight  on  the  centre  of  the  mass  squeezes  out  water 
and  forces  it  into  the  slopes.  In  both  cases  slips  of  the  slope  are 
likely  to  occur,  then  flattening,  and  only  stopping  when  a  mnch 
flatter  slope  than  the  original  is  attained. 

A  given  quality  and  stability  may  be  secured  with  less  risk  of 
defective  workmanship  in  earthwork  with  at  least  as  mnch  cer- 
tainty as  in  masonry. 

A  good  bank  should  satisfy  the  following  conditions: 

(1)  The  greatest  possible  leakage  must  not  carry  any  material 
out  of  the  bank. 

(2)  It  must  be  impossible  for  any  burrow  or  creak  to  be  made 
right  through  the  bank. 

(3)  The  impervious  part  of  the  bank  must  be  secured  in  its 
place  so  that  neither  settlement  can  breach  it  nor  leaks  through 
cracks  which  will  occur  in  it  carry  the  material  out  of  place. 

(4)  The  impervious  part  must  be  encouraged  to  settle  or  shrink, 
so  as  to  close  any  cracks  which  may  occur  in  it. 

(5)  It  must  be  easy  to  detect  and  overhaul  any  bad  puddle. 

It  will  be  found,  in  practice,  that  when  a  bank  fulfils  these 
conditions  the  entrance  of  water  into  any  part  of  the  bank  is  more 
difficult  than  its  exit,  and  that  in  consequence  the  head  of  water 
upon  the  bank  tends  to  press  upon  and  tighten  up  every  layer  of 
material  in  the  bank, — a  result  that  tends  to  increase  the  stability 
of  every  part. 

1138.  A  theoretically  perfect  filter  is  a  trough  of  triangular 
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crDBB'SeGtion  with  «ides  containing  an  angle  of  60°.  By  its  being 
perfect  is  meaut  that  whatever  depth  of  water  is  placed  upon  it 
the  water  alone  moves  aa  it  pasees  through  the  filter;  and  that  the 
material  is  arranged  in  horizontal  layers,  beginning  with  fine  aand 
st  the  top,  and  then  becoming  coareer  and  coarser  towards  the 
narrow  bottom,  the  lower  layer  containing  only  large  rubble  blocks 
in  such  accurate  proportiooB  that  the  water  flows  through  freely 
enough  not  to  resist  that  above  it,  bnt  not  so  freely  as  to  leave  any 
Apertures. 

If  the  upper  layer  of  sand  be  aa  deep  aa  the  water  placed  upon 


Fig.  A30. 

it,  and  is  clean,  the  quantity  of  water  Sowing  through  the  filter,  or, 
in  other  words,  the  leakage,  would  be  naually  calculated  at  700 
gsllone  per  day  for  each  square  yard  of  surface,  which  for  a  filter 
200  feet  high  would  give  13^  cnbic  yards  of  leakage  an  hoar  per 
lineal  yard  of  filter;  an  amount  so  small  that  it  would  flow  away 
in  a  stream  an  inch  deep  with  a  velocity  of  little  over  one  quarter 
of  a  mile  per  hour.  And  this  leakage  would  represent  the  work 
done  by  SOO  feet  head  of  water  in  forcing  a  passage  for  such  a 
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stream  through  the  obstruotion  presented  by  the  filter,  and  impart- 
ing to  it  the  velocity  with  which  it  issues  from  the  lower  edge. 

If,  now,  this  prismoidal  filter  be  laid  on  its  side  upon  an  imper- 
vious soil,  and  the  casing  be  removed  and  replaced  by  slopes  of  fine 
sand  in  front  and  of  ordinary  filling  in  rear,  care  being  taken  to 
keep  open  a  drain  of  dry  stone  or  of  masonry  arches  from  the  enter 
rubble  toe  of  the  filter  or  core,  the  result  is  a  bank  (see  Fig.  4*20) 
which  fulfils  the  five  conditions  required  for  a  safe  bank,  but  with- 
out any  puddle.  No  crack  or  burrow  can  be  made  in  the  material 
of  this  bank  either  by  sun  or  vermin,  and  it  only  requires  its  sur- 
face protected  from  the  action  of  rains  and  waves  to  make  a  dura- 
ble bank.  If  the  bank  is  higher  and  the  layer  of  sand  thinner  on 
the  front  slope,  more  water  would  flow  through  the  bank.  Still 
there  could  be  no  displacement  of  the  outer  toe  of  rubble  blocks^ 
and  the  bank  must  be  stable. 

In  practice  puddle  is  added  to  stop  the  leakage,  and  the  dura- 
bility of  the  bank  is  thereby  also  increased.  The  best  position  for 
the  puddle  is  on  the  front  slope,  and  should  be  protected  with  rubble. 

The  puddle  under  construction  was  always  kept  flooded,  and 
the  tamping  was  done  by  gangs  of  men  walking  backwards  and  for- 
wards on  short  lengths  of  it  all  day,  treading  each  layer  stiff. 

The  puddle  on  banks  under  40  feet  high  was  made  3  feet  thick 
at  the  water-line,  and  was  increased  1  foot  for  each  8  feet  vertical 
depth  below  the  water-line.  The  puddle  must  be  carried  down 
into  a  trench,  and  sheet-piled,  if  ^necessary,  to  prevent  too  great 
leakage  under  the  toe  of  the  bank.  It  should  be  laid  on  a  layer  of 
rammed  filling  a  little  more  compressible  than  the  puddle  itself, 
and  not  on  an  ordinary  filling,  the  change  in  consistency  being  too 
great.  In  Fig.  420  the  inner  slope  is  on  the  left;  in  Fig.  419  it  is 
on  the  right. 

The  form  of  construction  recommended  is  shown  in  Fig.  420, 
but  faced  on  the  inner  slope  with  puddle  as  shown  in  Fig.  419. 

1139.  In  the  discussion  of  this  paper  other  eminent  engineers 
contended  that  banks  constructed  as  described  were  not  onlv  con- 
trary  to  good  precedent  and  good  practice,  but  absolutely  dangeroos, 
and  should  not  be  taken  as  good  examples. 

The  first  objection  raised  was  in  regard  to  placing  such  banks 
on  sandy  or  clayey  foundation-beds  without  any  puddle  trench 
carried  below  the  surface  in  order  to  prevent  undermining  and 
destruction  of  the  dam. 

The  next  objection  raised  was  placing  the  puddle  on  the  slope 
where  it  would  be  liable  to  be  fissured  by  exposure  to  the  sun  and 
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burrowed  by  yermin,  with  the  additional  liability  of  sliding  away, 
and  maintaining  that  the  puddle  wall  would  be  more  effective  and 
less  expensive  placed  as  a  central  core;  that  a  canal  or  reservoir 
embankment  should  be  constructed  to  prevent  leaks,  and  not  to 
encourage  them;  and  notwithstanding  the  fact  that  such  banks  had 
been  constructed  in  this  manner  and  had  to  the  time  of  the  discus- 
«ion  been  efficient  and  safe,  there  seemed  to  be  a  rather  general 
disapproval  or  even  condemnation  of  the  plans  proposed. 

Without  expressing  an  opinion  as  to  the  comparative  merit  of 
placing  the  puddle  core  on  the  face  or  in  the  body  of  the  wall,  upon 
which  point  the  most  eminent  engineers  differ  both  in  opinion  and 
practice,  the  question  after  all  resolves  itself  into  what  is  a  suf- 
ficient thickness  of  less  impervious  material  that  should  be  placed 
between  the  puddle  layer  or  core  and  the  water.  Eegarding  the 
puddle  as  the  sole  reliance  to  prevent  leakage  through  the  body  of 
the  embankment  as  well  as  under  it,  it  would  seem  that  from  read- 
ing of  the  failure  of  reservoir  embankments  outside  and  beyond 
the  water-tight  layer,  stability  and  security  against  disastrous  fail- 
ures similar  to  those  that  have  occurred  can  only  be  secured  by 
some  such  arrangement  of  fine  and  cOarse  material  supported  at  and 
near  the  outer  toe  by  a  heavy  mass  of  open-work  rubble  of  large 
stone.  As  has  been  said,  water  abhors  angles;  and  if  the  flow  of 
water  can  be  impeded  by  being  split  up  into  a  number  of  small 
streams  and  these  made  to  change  their  direction  a  number  of 
times,  and  not  held  in  large  volumes  under  heavy  pressure,  there 
<5an  be  but  little  doubt  that  even  large  initial  volumes  under  con- 
siderable pressure  will  flow  away  harmlessly.  And  the  question  at 
issue  seems  to  be,  which  is  the  better — to  permit  the  embankments 
to  be  swept  away  bodily,  with  the  fearful  loss  of  life  and  property 
which  almost  univeraally  results,  or  to  run  the  risk  of  having  a 
leaky  dam  which  will  at  least  not  give  way  suddenly  and  with 
violence.  It  is  often  possible  to  stop  such  leaks  when  first  devel- 
oped if  it  could  only  be  known  beforehand  that  they  existed;  but 
the  effects  of  the  leaks  when  held  and  confined  within  a  mass  of 
earth  are  to  gradnally  but  surely,  without  their  existence  being 
known,  gather  and  accumulate  pressure  sufiicient  to  entirely  de- 
stroy the  embankment  without  a  moment's  notice. 

1140.  On  ordinary  irrigation-canals  with  low  embankments, 
either  a  bank  made  entirely  of  puddle,  with  a  puddle  core,  or  a 
layer  of  puddle  on  the  water  slope,  will  serve  every  purpose;  and 
even  if  a  break  occurs,  no  very  disastrous  results  can  follow,  as  only 
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a  limited  amomit  of  water  Tonld  be  discharged,  aod  this  spreadiog 
ODt  over  an  ever-widening  surface  wonld  do  little  harm,  the 
main  damage  results  from  the  failtire  of  the  canal  to  do  the 
work  expected  and  required  of  it,  together  with  the  cost  of  repsire. 
But  with  high  embankments,  especially  for  storage-reserroire,  the 
importance  of  determining  in  what  manner  and  with  what  ma- 
terials the  banks  should  be  constructed  cannot  be  overrated;  and 
for  this  reason  considerable  space  has  been  given  to  the  discussion 
of  this  subject. 

Flumes. — In  carrying  canals  over  deep  valleys  or  rivers,  the 
water  must  be  confined  in  some  kind  of  channel,  made  of  iron, 
timber,  concrete,  or  masonry;  this  consttaction  is  known  as  on 
aqueduct  or  flume,  the  latter  term,  however,  being  neually  applied 
to  irrigation  canals.  Such  flumes  are  nsually  made  of  timber  or 
iron,  supported  on  a  series  of  piers  or  trestle-bents. 

The  following  drawings  show  the  general  construction  of  the 
diversion -weirs,  head-works,  canal  along  a  hillside,  and  a  timber 
flume,  as  employed  on  the  Pecoa  Valley  Irrigation-canal.    They 


Fis.  421. — Pecos  Valley  Dam  aod  Head-works. 


Fio.  433.— Timber  Flume,  Pecos  Vallej  IrrigatloD-canoL 

are  merely  intended  to  give  a  general  view,  as  the  principles  of  con- 
struction have  been  sufficiently  well  described  in  connection  wiu> 
other  similar  works. 
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Fig.  421.  Shows  a  dam  for  storage-reservoir,  and  Fig.  422^  a 
timber  flume  for  carrying  a  canal  over  streams,  ravines^  etc. 

ART.  LIX. 

HYDRAULICS  AS   APPLIED  TO  BUILDING    CONSTRUCTION. 

1141.  It  is  not  intended  in  this  volume  to  discuss  fully  or  even 
to  any  great  extent  the  subject  of  hydraulics,  upon  which  volumes 
have  been  written.  The  discussion  will  be  limited  to  a  few  general 
principles  and  their  application  to  the  flow  of  water  in  closed  pipes 
and  open  channels ;  by  which  some  of  the  more  common  and 
simpler  problems  can  be  understood. 

P^OW   OF  WATER  IN   PIPES. 

The  principles  and  equations  and  their  applications  are  taken 
almost  exclusively  from  Notes  on  Building  Construction,  published 
by  J.  B.  Lippincott  Co.  The  several  volumes  of  these  notes  are 
full  of  the  most  valuable  information.  The  author's  name  is  not 
given.  They  purport  "  to  explain  not  only  the  calculations  that  may 
called  for  in  the  Honours  Examination  at  South  Kensington,  Eng- 
land, but  also  all  that  can  be  required  in  connection  with  ordinary 
buildings.*' 

Hydraulics  is  a  subject  which  is  related  to  building  construc- 
tion only  to  a  limited  extent,  and  in  fact  only  two  subdivisions  of 
the  subject  need  be  considered,  namely:  (1)  The  motion  of  liquids 
through  pipes  in  connection  with  water-supply  and  disposal  of 
sewage;  (2)  The  delivery  of  water  from  a  jet  in  connection  with 
standpipes.  First,  let  us  define  some  of  the  terms  in  common 
use. 

The  hydrostatic  pressure  at  any  point  in  a  liquid  mass  has  been 
shown  to  be  of  equal  intensity  in  all  directions  around  that  point, 
and  equal  to  the  weight  of  a  column  of  water  whose  base  is  unity 
and  whose  height  is  the  depth  of  the  point  below  the  water  surface. 
The  pressure  of  water  at  a  depth  of  20  feet  below  the  surface  ia 

20  X  Y77  X  62.4  =  8.67  pounds  per  square  inch. 

Head  of  Pressure, — The  depth  of  the  point  below  the  surface 
is  also  called  the  head  of  pressure  at  the  point,  or  simply  the  head, 
and  is  generally  expressed  in  feet. 

Head  of  Elevation, — The  height  of  the  point  above  some  datum 
level  is  called  the  head  of  elevation  of  the  point. 
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L088  of  Head. — When  a  liquid  is  in  motion  each  molecule  or 
particle  is  constantly  moving  from  a  place  of  greater  head  to  a 
place  of  lesser  head^  and  the  difference  between  the  two  heads  is 
called  the  loss  of  head.  This  loss  of  head  may  be  entirely  a  loss  of 
head  of  pressure,  or  entirely  a  loss  of  head  of  elevation,  or  partly  a 
loss  of  head  of  pressure  and  the  remainder  a  loss  of  head  of  eleva- 
tion.    This  is  illustrated  in  the  following  figures.     In  Fig.  423  a 


pipe  AB  opens  into  a  tank  T]  at  A  there  is  a  spigot;  when  this 
is  closed  we  have  the  conditions  due  to  hydrostatic  pressure. 
The  head  of  pressure  at  any  point  P  in  the  pipe  is  EP,  and  if 
a  pipe  opened  into  the  pipe  AB  and  extended  vertically  to  or  above 
E,  the  water  would  rise  to  this  elevation,  which  is  the  same  as  that 
of  the  surface  in  the  tank.  The  head  of  elevation  is  PF,  the 
height  of  the  point  above  the  datum  AF  passing  through  the  lower 
end  A  of  the  pipe  AB.  At  the  point  A  the  head  of  pressure  is 
GAy  and  the  head  of  elevation  with  respect  to  AFi^  zero,  and  with 
a  vertical  pipe  at  A  the  water  would  rise  to  the  height  of  the  sur- 
face GEL, 

If  now  the  spigot  be  opened  so  that  the  water  flows  freely 
through  it,  the  water  would  not  rise  in  the  pipe  OA  at  all.  In  other 
words,  the  pressure  is  zero  at  that  point  A ;  and  if  the  resistance  to 
the  flow  of  the  water  in  the  pipe  AB  is  uniform,  since  L  and  A  are 
points  of  no  pressure,  and  the  head  of  pressure  is  entirely  consumed 
in  overcoming  a  uniform  resistance,  it  follows  that  the  straight  line 
AKL  is  the  line  of  no  pressure,  and  the  ordinates  at  any  points 
between  the  pipe  AB  and  the  straight  line  AKL  would  represent 
the  pressures  at  those  points;  at  P  it  is  PK,  Or,  in  other  words, 
if  an  open  pipe  PE  existed,  the  water  now  would  only  rise  to  the 
point  JTand  not  to  E,  as  was  the  case  when  the  spigot  at  A  was 
closed. 

The  head  of  pressure  is  KP  and  the  head  of  elevation  is  FPy 
by  which  it  is  seen  that  the  head  of  pressure  is  reduced  by  the 
height  KE. 
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Taking  any  other  point  P',  the  head  of  pressure  is  ICP',  and 
the  head  of  elevation  is  F'P\  The  loss  of  head  between  the  two 
points  is  K'O,  Drawing  jOf  parallel  to  PP',  it  will  be  observed 
that  the  total  loss  of  head  is  made  up  of  two  parts,  viz.  \  ICO  ^ 
K'M  ^MO^  JCM  +  P'N.  K'M  is  the  loss  of  the  head  of 
pressure,  and  MO  =  P'N  is  the  loss  of  head  of  elevation. 

It  is  evident  that  if  the  pipe  AB  extended  horizontally  along 
the  line  AF',  and  communicating  with  the  tank  at  or  vertically 
below  B,  the  points  P  and  P'  coinciding  with  F  and  F\  the  line 
of  no  pressure  would  still  be  ALy  and  the  loss  of  head  between  the 
two  points  F  and  F'  would  be  entirely  a  loss  of  head  of  pressure, 
there  being  no  loss  of  head  of  elevation. 

1142.  Flow  of  Water  in  Open  Channel. — If  the  water  is  flowing 
in  an  open  channel,  the  loss  of  head  is  entirely  a  loss  of  head  of 
elevation.  The  water  is  not  flowing  under  pressure  at  all.  (See 
Fig.  424.) 


Fig.  424. 


Wetted  Perimeter. — In  an  open  channel,  shown  in  cross-section 
in  Fig.  424  (6),  or  in  a  pipe  when  not  flowing  full,  as  shown  in  Fig. 


Fig.  434. 

424a,  that  portion  of  the  cross-section  of  the  channel,  or  pipe, 
wetted  by  the  liquid  EBF  is  called  the  wetted  perimeter.    . 

Hydraulic  Mean  Depth, — The  quotient  arising  from  dividing 
the  area  of  the  cross-section  of  the  liquid  by  the  wetted  perimeter 
is  called  the  hydraulic  mean  depth  or  hydraulic  mean  radius 

area  EBF  . 

=  ^  =  length  EBF ^^^'^ 

1143.  Total  Head  and  Effective  Head. — The  total  head  of  press- 
ure is  equal  to  the  effective  head  increased  by  what  is  commonly 
called  the  velocity-head. 
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The  effective  head  is  equal  to  the  loss  of  head  between  A  and  By 
Fig.  423,  due  to  the  resistance  of  the  straight  pipe^  while  the  yeloc- 
ity-head  is  required  to  overcome  such  resistances  as  are  opposed  U> 
the  entry  of  the  water  into  the  discharge -pipe,  and  in  causing  the 
water  in  the  reservoir  or  tank  which  is  at  rest,  to  acquire  the  veloc- 
ity of  flow  through  the  pipe;  and  when  the  pipe  is  not  straight, 
special  resistances  are  developed  at  the  bends,  which  must  be  over- 
come, requiring  an  increase  of  head. 

We  have  then  the  total  head  =  to  the  head  required  to  over- 
come the  resistances  along  a  straight  pipe  +  the  head  to  impart 
velocity  of  flow  +  head  to  overcome  resistance  of  entry  into  orifice 
-h  head  to  overcome  resistances  at  bends.  As  the  total  head  is 
thus  consumed  or  lost,  it  is  called  loss  of  head  due  to  resistances  in 
a  straight  pipe  and  at  bends  or  elbows;  loss  of  head  due  to  orifice 
of  entry;  and  loss  of  head  due  to  velocity.  These  several  losses  of 
head  will  be  discussed  separately. 

It  will  be  noted  that  the  line  LA,  Figs.  423  and  425,  called  the 
line  of  no  pressure,  is  drawn  on  the  supposition  that  GA  is  the 
effective  head.  If  we  have  decided  upon  a  definite  velocity  of  flow, 
it  is  easy  to  determine  the  head  due  to  this  velocity  from  the  well- 
known  formula 

Assuming  a  velocity  of  6  feet  per  second  or  4.1  miles  per  hour, 

which  is  unusually  high,  h  =  r7-j  =  0.56  feet,  or  6.72  inches:  and 

not  considering  for  the  present  the  resistance  to  entrance  into  the 
pipe  or  from  elbows  or  bends,  we  should  raise  the  surface  of  the 
water  6.72  inches  above  L  in  Fig.  425  in  order  to  provide  the  veloc- 
ity-head. The  line  AL  is  called  the  hydraulic  mean  gradient  or 
hydraulic  grade-line.  Or,  what  is  the  same  thing,  with  a  fixed  water 
surface  at  L,  in  order  to  maintain  the  required  velocity  it  would 
be  necessary  to  lower  the  line  ^Z  to  AL\  6.72  inches  between  L 
and  L\  AL'  is  then  the  hydraulic  grade-line.  It  is  of  the  great- 
est importance  to  understand  the  relations  between  the  line  or 
lines  of  pipes  and  this  hydraulic  grade-line  in  regard  to  their  rela- 
tive positions  throughout  their  entire  lengths. 

In  Fig.  425  is  shown  a  section  of  a  reservoir  which  is  assumed 
to  be  maintained  full  to  the  surface  SL  by  a  sufficient  supply  from 
some  source,  and  it  ic  desired  to  discharge,  at  some  distant  point 


HYDRAULICS  AS  APPLIED  TO  BUILDIKO  CONSTRUCTION.   1435 


Ay  through  some  one  of  the  several  pipes  OA,  O^A,  O^KA.  The 
total  head  of  pressure  is  the  vertical  distance  BA  between  the  sur- 
face of  the  water  in  the  reservoir  and  the  point  A  of  discharge  into 
the  open  air.  The  total  head  BA  is  composed  of  the  effective  head 
ilC  consumed  in  overcoming  the  several  resistances  to  flow  through 
the  pipe,  and  the  portion  BG  which  imparts  the  velocity  of  flow* 


Fio.  425. 

The  resistance  now  considered  arises  from  friction,  and  in  pipes  of 
the  same  diameter  running  full  varies  in  the  same  proportion  as 
their  lengths.  The  line  U  A  will  be  the  hydraulic  grade-line.  And 
not  taking  into  consideration  the  small  difference  of  length  and  the 
slight  bends,  any  one  of  the  pipes  whose  upper  or  entry  end  is 
below  the  point  L',  regardless  of  its  distance  below  U,  and  whose 
entire  length  is  below  L'A,  the  hydraulic  grade-line,  the  quantity 
of  discharge  and  velocity  of  flow  will  be  the  same  from  any  one  of 
the  pipes. 

When  the  water  first  enters  the  pipe  its  velocity  will  be  consid- 
erable, as  there  is  but  little  resistance.  The  resistance  increases  and 
the  velocity  diminishes  as  the  far  end  of  the  pipe  A  is  approached. 
After  passing  out  from  this  end  the  resistance  and  effective  head 
balance,  and  the  remaining  portion  BC  of  the  total  head  imparts  a 
uniform  velocity  of  discharge. 

If  pipes  opened  into  any  of  these  pipes  and  reached  above  the 
line  L'Ay  it  would  be  found  that  the  water  would  rise  in  them  to 
the  line  UA,  and  no  higher;  and  the  pressure  due  to  these  heights 
will  be  the  bursting  pressures  at  these  points  of  the  closed  pipes 
when  running  full.  If  while  running  full  the  pipes  be  partly 
closed  by  means  of  valves  or  by  accumulation  of  sediment  or  other 
obstruction,  the  velocity  of  flow  would  be  reduced,  and  a  portion  of 
the  velocity-head  would  become  pressure-head  and  increase  the 
bursting  pressure,  as  could  be  shown  by  a  vertical  pipe  placed  at 
any  point  along  the  main  pipe.  The  obstruction  in  this  case  would 
be  at  some  point  between  this  vertical  pipe  and  the  discharge  end. 
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It,  on  the  contrary,  the  water  falls  below  the  grade-line,  then  the 
obstruction  is  between  the  vertical  pipe  and  the  reserToir.  If  a 
pipe  thus  running  full  be  suddenly  closed,  thereby  stopping  the 
flow,  the  pressure  will  be  sufficiently  great  to  burst  any  ordinary 
pipe. 

All  yalves  should  therefore  be  closed  gradually,  and  when  finally 
and  fully  closed  the  maximum  bursting  pressure  will  simply  be  the 
hydrostatic  pressure  due  to  the  depth  of  the  point  below  the  surface 
of  the  water  in  the  reservoir. 

It  is  seen  that  so  far  as  velocity  of  discharge  is  concerned  for 
any  given  pipe,  it  is  only  necessary  that  the  upper  extremity  of  the 
pipe  shall  be  below  the  point  Z',  provided  the  water  surface  ISL 
remains  unchanged.  The  effect  of  a  lowering  of  this  surface  is 
simply  to  reduce  velocity  of  discharge. 

If  a  pipe  is  laid  exactly  coinciding  with  the  grade-line  L'A, 
the  velocity  of  discharge  would  still  be  the  same,  and  the  bursting 
pressure  would  be  zero  at  all  points  of  the  pipe.  Such  a  condition 
can  rarely  exist.  On  the  contrary,  it  will  often  be  necessary  for  » 
line  of  pipe  following  the  natural  lay  of  the  ground  to  pass  above 
the  hydraulic  grade-line:  this,  while  not  desirable,  is  not  serioaslj 
objectionable  within  a  certain  limit.  This  condition  is  shown  in 
Fig.  425,  where  L'A  is  the  hydraulic  grade-line,  and  OxA  is  a  pipe 
passing  above  L'A  at  and  near  x.  In  this  case,  while  L'A  is  Btill 
called  the  hydraulic  grade-line,  it  is  evidently  necessary  to  consider 
separately  the  two  portions  of  the  pipe  from  0  to  :e:  and  from  x  to 
A,  each  having  its  own  hydraulic  grade-line,  L'x  and  xA  respectiTely. 

The  result  of  this  condition  is  that  the  effective  head  for  the 
portion  of  the  pipe  Ox  is  E'x,  and  for  the  portion  xA  is  yA,  The 
velocity  of  flow  in  the  portion  Ox  would  be  reduced,  while  that  in 
xA  would  be  increased ;  and  if  the  pipe  is  of  the  same  diameter 
throughout,  the  total  head  would  be  Dx  and  not  BA^  and  the  dis- 
charge at  A  would  be  due  to  the  head  Dx.  In  other  words,  the 
pipe  would  flow  full  to  x,  and  only  partly  filled  from  x  to  A,  the 
water  running  as  in  an  open  channel  or  gutter.  Or  we  conM 
increase  the  diameter  from  0  to  a;  or  diminish  it  from  x  to  A,  the 
areas  of  the  sections  of  the  pipes  being  in  the  inverse  ratio  of  their 
respective  velocities  of  flow.  While  no  greater  quantity  would  be 
discharged  at  A,  the  pipe  would  run  full  throughout  its  entire 
length. 

If  the  pipe  has  the  same  diameter  throughout,  it  may  still  ran 
full,  as  a  tendency  to  vacuum  can  be  maintained  at  the  highest 
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point  X,  provided  this  point  in  the  pipe  is  not  more  than  30  feet 
vertically  above  the  hydraulic  grade-line  L'A,  If  this  vacuum 
cannot  be  maintained,  the  total  effective  head  will  only  be  E'x, 
and  the  portion  xA  will  only  run  partly  filled. 


MOTION  OF  LIQUIDS  IN    PIPES. 

1144.  Thus  far  we  have  not  considered  the  causes  or  the  char- 
acter of  resistances  to  the  motion  of  water  in  pipes.  It  has  been 
seen  that  this  motion  is  entirely  due  to  gravity;  if  there  were  no 
resistances  the  velocity  would  increase  indefinitely.  These  re- 
sistances arise  from  the  roughness  of  the  inner  surface  of  the  pipe, 
and.  it  is  found  to  be  dependent  upon  the  diameter  of  the  pipe. 
This  resistance  is  not  considered  in  many  of  the  formulae  in  general 
use.  The  velocity  of  the  liquid  is  not  uniform  throughout  the 
cross-section,  being  much  greater  in  the  centre  than  on  the  sides. 
Close  to  the  sides  the  liquid  does  not  flow  freely,  but  is  disturbed 
by  numerous  small  eddies.  The  sides  become  quickly  coated  with 
sediment,  which  removes  the  roughness  of  the  inner  surface.  All 
formulsB  for  the  flow  of  liquids  in  pipes  are  empirical,  and  few  if 
any  of  them  can  be  considered  as  accurate  from  a  scientific  point 
of  view,  although  many  of  them  are  accurate  enough  for  all  prac* 
tical  purposes. 

The  two  cases  to  be  considered  are : 

(1)  When  the  pipe  is  flowing  full  and  the  liquid  is  therefore 
impelled  by  the  pressure  of  the  head  of  liquid;  (2)  when  the  pipe 
is  flowing  partially  full.  In  this  case  the  liquid  is  not  under 
pressure,  and  simply  flows  down,  owing  to  the  slope  of  the  pipe,  as 
it  would  in  an  open  channel. 

1146.  Discharge  from  a  Pips  flowing  full  under  Pressure. — 
The  following  are  some  of  the  more  common  formulae : 

Eytelwein's  formula  is 


F=108|/^  X-5-0.13,     ....     (667) 

■ 

in  which  Fis  the  mean  velocity  of  the  water  in  feet  per  second;  H 
is  the  effective  head  of  water  in  feet,  that  is,  the  total  head  reduced 
by  the  various  losses  of  head  due  to  bends,  etc. ;  L  is  the  total  length 
of  the  pipe  in  feet ;  and  D  is  the  diameter  of  the  pipe  in  feet. 
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The  following  formula^  known  as  Neville^  is  said  to  be  more 
accurate  than  Eytelwein's: 


F=140|/^X3^-ll/~X-|^.  .    .    .    (668) 


Thrupp's  formula  is 

F= 


(669) 


D 


in  which  R  is  the  hydraulic  mean  depth  (which  is  equal  to  —  for 

pipes  flowing  full),  8  is  the  slope  of  the  pipe  f  i.e.,  -j-j,  and  jt,  y, 

Zy  and  c  are  constants  depending  on  the  material  of  which  the  pipe 
is  made  and  on  the  surface  of  the  pipe.  For  wrought-iron  pipes 
over  3^  inches  diameter 


F  = 


0.00478 


For  wrought-iron  pipes  1  inch  diameter 

PO.W  1 


0.004787 


For  new  cast-iron  pipes 


^  -  0.006752  ^       • 


Darcy's  formula  is 


r=o/A>,|, 


(670) 


The  coefficient  Chas  the  following  values: 

Table  LXXX. 


Diameter  in  inches  =  12  X  i' 
Value  of  (7. 


i 
65 


1 
80 


\  2 
98 


8 
99 


4 

102 


5 
108 


6 
105 


7 
106 


8 
107 


The  maximum  value  of  C  for  very  large  pipes  is  113.3. 

The  following  example  shows  the  results  by  the  above  formnls: 
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Find  the  velocity  in  a  pipe  1  inch  diameter^  100  feet  iong^  the 
effective  head  being  10  feet. 

By  equation  (667),  Eytelwein's  formula^ 


V  =  108|/i  X  tV  X  iVV  -  ^-13  =  4.8  feet  per  second. 

By  equation  (668),  Neville's  formula, 

V  =  1404/i  X  tV  X  iW  -  11  ^i  X  tV  X  tVV  =  4.99  ft.  per  second. 

By  equation  (669),  Thrupp's  formula. 


F=(i2ii|)!;!!xf^y*"= 


0.0786 


0.004787        VlOO/  0.004787  X  3.594 

=  4.59  feet  per  second. 

By  equation  (670),  Darcy's  formula. 


F  =  80  Vi  X  i^  X  tVV  =  3.65  feet  per  second. 

And  similarly  for  any  other  heads,  diameters,  and  lengths.  In 
all  cases  Darcy's  formula  gives  the  lowest  velocity.  It  is  simple  in 
application,  and  it  is  better  to  underestimate  than  to  overestimate 
the  velocity. 

1146.  Having  found  by  either  of  the  formulae  the  mean  velocity 
^f  flow,  the  quantity  of  discharge  is  simply  the  product  of  this 
velocity  by  the  area  of  cross-section  of  the  pipe. 


Discharge  in  cubic  feet  per  second  =  F  X  — r— .      .    (a) 

ttD* 
Discharge  in  gallons  per  minute     =  F  X  — r- 

X  6.25  (or  7.5)  X  60.     .     .     .     {b) 


^     (671) 


When  quantity  in  gallons  is  required  we  use  the  factor  6.25 
for  English  gallons  and  7.5  for  American  gallons. 

The  quantity  of  discharge  from  a  1-inch  pipe  with  a  velocity 
of  3.65  feet  per  second,  as  found  by  Darcy's  formula,  gives  cubic 

feet  per  second  =  3.65  X  --^11 Z~  ^  0.0199,  English  gallons  per 

minute  =  0.0199  X  6.25  X  60  =  7.45,  United  States  gallons  per 
minute  =  0.0199  X  7.5  X  60  =  8.95.  The  U.  S.  gallon  contains 
231  cubic  inches,  the  English  gallon  277.274  cubic  inches. 

The  more  common  problem  is  to  find  what  diameter  of  pipe  is 
required  for  a  given  discharge,  the  effective  head  and  length  being 
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given.    Combining  equations  (670)  and  (671(6) ),  calling  Q  the  dis- 
charge in  U.  S.  gallons  per  minute, 

Q  =^  F  --  X  (6.25)  (or  7.5)  X  60, 
and  from  equation  (670) 

Substituting  value  of  V  in  first  equation,  squaring  and  reducing, 
we  find 


2)*  =  - 

31201 


L n-(  ^        \    ^    ( ^    C'V        /fi-o\ 

D  being  expressed  in  feet,  with  D  inches,  d  =  12  x  D. 

d  =  (1.63  or)  1.513f-^  .  -^]*     ....    (673) 


Combining  equations  (670)  and  (671a),  we  would  get  a  similar 
result,  which  can  be  put  in  the  form,  calling  Q'  the  quantity  of 
discharge  in  cubic  feet  per  second, 

H 


Similarly,  equation  (673)  can  be  put  in  the  form 

> = ""{M- « 

In  these  last  two  equations  the  value  of  the  second  memto 
depends  alone  on  d\  in  other  words,  for  every  value  of  d  there  is  a 

corresponding  value  for  the  first  members,  namely,  -p^^^'and-^^. 

Equations  (674)  and  (675)  are  used  for  pipes  varying  from  4  to  30 
inches  in  diameter.  The  second  can  be  used  for  all  sizes  up  to  10 
inches.  This  limitation  is  only  to  avoid  the  use  of  very  lai^e 
numbers. 

Tables  can  be  computed  which  give  the  diameters  correspond- 
ing to  a  range  of  values  ot  -^Q'*  and  -^  §•. 

In  order  to  facilitate  the  calculations  for  pipe  diameters  by 
Darcy's  formula,  the  following  tables  are  copied  from  Notes  on 
Building  Construction,  Part  4: 
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Table  LXXXI. 
flow  of  water  in  pipes  running  full,  in  gallons  per  minute. 

CALCULATED   FROM  DAKGT's  FORMULA. 


Valne  of  the 
expression 

1^- 

Correspond- 
ing    diam. 
of  pipe,  in 
inches. 

Internal  diam. 

1    of    pipe,    al- 
lowiiis^  for  in- 
crustation, in 
inches. 

Value  of  the 
expression 

Correspond- 
ing    diam. 
of  pipe,  in 
inches. 

Internal  diam. 
of    pipe,   al- 
lowing for  in- 
crustation, 
in  inches. 

1 

0.82 

•   • 

34.600 

2.14 

21 

5 

0.48 

60.000 

2.86 

2t 

18 

0.54 

92,000 

2.67 

3 

48 

0.64 

^ 

140,000 

2.79 

8i 

117 

0.75 

208,000 

3.00 

81 

2o0 

0.86 

296.000 

3.21 

8f 

870 

0.98 

^JL 

420,000 

343 

4 

810 

1.07 

760.000 

8.86 

41 

1.410 

1.18 

1,840.000 

4.29 

5 

2,260 

1.29 

2.150.000 

4.71 

5i 

3.400 

1.39 

3,400.000 

5.14 

6 

5,020 

1.50 

7,500,000 

6.00 

7 

7,400 

161 

13 

16,500,000 

7.00 

8 

10,200 

1.71 

2 

1  82.800,000 

8.00 

9 

20,800 

1.93 

3i 

1 

1  60,200,000 

1 

9.00 

10 

L  =  length  of  pipe;  H  =  available  head;  Q  =  discbarge  in  gallons  per 
in  iu  lite. 

The  allowance  for  incrustation  is: 

I  of  diameter  for  pipes  under  6  inches  in  diameter. 
1  inch  "      **     over     6 


It 


i< 


«( 


Table  LXXXII. 
flow  of  water  in  pipes  running  full,  in  cubic  feet  per  second. 

CALCULATED  FROM  DARCT'S  FORMULA. 


Value  of  the  expres- 
sion ^^«. 

Corresponding 

diam.  of  pipe,  in 

inches. 

Value  of  the  expres- 
sion ^g'». 

Corresponding 

diam.  of  pipe,  lb 

Inches. 

6.6 

4 

14.380 

18 

17.6 

5 

18,800 

19 

53 

6              1 

24,900 

20 

115 

7 

31.500 

21 

227 

8 

39.600 

22 

427 

9 

49.400 

23 

780 

10 

61.500 

24 

1,190 

11 

75.700 

25 

1.850 

12 

91.700 

26 

2.740 

13 

110.600 

27 

4,020 

14 

133.400 

28 

5,740 

15 

158.300 

29 

7,880 

16 

188,000 

80 

10,650 

17 

L  =  leugth  of  pipe;  i/=  available  head;  Q  =  discharge  in  cubic  feet  per 
second.    No  allowance  is  made  for  incrustation. 
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LOSS  OF   HEAD. 

1147.  We  have  seen  that  the  effective  head  is  the  total  head 
diminished  by  certain  minor  losses,  which  will  now  be  determined. 

Loss  of  Head  due  to  Entrance  hito  Orifice, — The  orifice  of 
entry  obstructs  to  a  certain  extent  the  flow  of  water  into  the  pipe, 
thereby  causing  a  loss  of  head.    This  loss  depends  on  the  form  of 


the  orifice,  and  is  indicated  in  Fig.  426  (a),  (J),  and  (c),    Calliiig 
h  this  loss  of  head,  then  h  =  F'  X  C, 

The  following  are  values  of  C: 

For  round  orifices,  such  as  the  end  of  a  pipe.  Fig.  426  (a), 

C=  0.007849. 

For  bell-mouthed  orifices.  Fig.  426  (J), 

C  =  0.000444. 

For  pipes  of  uniform  diameter  projecting  into  cistern  or  reser- 
voir, Fig.  426  {c), 

C  =  0.014846. 

Taking  the  more  unfavorable  case,  Fig.  426  (c),  and  assuming  a 
velocity  of  3  feet  per  second  in  the  pipe,  find  the  loss  of  head. 

h  =  Z'X  0.014846  =  0. 134  feet. 

Loss  of  Head  due  to  Velocity. — The  water  in  the  cistern  or 
reservoir  being  at  rest,  a  certain  amount  of  head  is  lost  in  causing 
the  water  to  take  up  the  velocity  in  the  pipe.    In  other  words,  a 
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certain  amount  of  energy  of  position  (or  potential^  which  is  meas- 
ured by  the  head)  has  to  be  converted  into  energy  of  motion. 

This  energy  of  motion  is  expressed  by  r-;  and  if  h'  is  the  loss 

^(/ 

V*       V* 
of  head  due  to  velocity,  A'  =  —  =  -— . 

Find  the  loss  of  head  due  to  a  velocity  of  3  feet  per  second. 

F'  9 

A'  =  rr-i  =  TTTT  =  0.14  foot  or  1.68  inches. 
64.4      64.4 

Loss  of  Head  due  to  Bends  and  Elbows. — Calling  loss  of  head 
due  to  bends  V\  then 

h"  =  baV* (676) 

i  is  a  constant  depending  on  the  ratio  of  the  radius  of  the  bend 

R 

to  the  internal  diameter  of  the  pipe,  or  -^;  a  is  the  change  of  di- 
rection at  the  bend  measured  in  degrees.     (See  Figs.  427  {a)  and  (l),) 

Find  the  loss  of  head  in  a  pipe  1  inch  diameter;  a  ■=.  30°; 
-ff  =  3i  inches;  d  =\  inch;  velocity  3  feet  per  second. 

The  value  of  h  is  found  from  the  following  table: 

Tablb  LXXXIII. 

D  Loss  of  head  for  each  degree 

-I  in  change  of  direction,  with 

^  mean  velocity  1  foot  per  second. 

1      0.000025 

1.25 0.000018 

1.5   0.000015 

2.0   0.000013 

3      0.000011 

4      ...0.000011 

5      0.000011 

R 
Above  the  ratio  ;?  =  ^  the  loss  of  head  due  to  bends  may  be 

neglected. 

R 
Then  -.  =  3^  and  J  =  0.00011  from  above  table,  and  A"  = 
a 

i}aT  =  0.000011  X  30  X  9  =  0.003  foot. 
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For  elbows  or  abrupt  changes  in  direction,  the  formula  for  lo» 
of  heady 

A"=:eF« (677) 

e  is  found  from  the  following  table  for  several  values  of  angle  a^ 
(See  Fig.  427  (J).) 

Table  LXXXTV. 

a  =     10"         20"         80°         40'         60**         60*         70*        80°       90' 
0  =  0.0001    0.0005    0  0011    0.0022    0.0086    0.0066    0.0083    0.0115  0.015S 

For  an  angle  of  0^=30%  e  =0.0011;  and  for  a  velocity  of  3  feet 
per  second,  loss  of  head  h"  =  eF'  =  0.0011  X  9  =  0.0099  foot 

1148.  The  foregoing  losses  of  head  constitute  all  of  the  minor 
losses  for  which  provision  must  be  made. 

The  effective  head>  or  the  loss  of  head  due  to  the  resistance  of 
the  pipe  in  any  given  length,  assuming  the  water  flowing  with  a 
velocity  of  3  feet  per  second  in  a  pipe  1  inch  diameter  and  100  feet 

/~~f)   ^ 
long,  is,  by  Darc/s  formula,  eq.  (670),  F=  Cy   t  •  fy  with  (7 from 

table  for  1-inch  pipe  =  80,  and  F=  3; 


3-80i/~X  --X^-      •    rr,9x4xl2xl00_         . 
^-^"^4^12^100*    ..//_  j^—  -6.i5reet. 

Then  in  the  case  taken  above  the  total  head  will  be 

i/,=  ^+  h  +  h'  +  h"=  6.75  +  0.134  +  0.14  -f  0.003  =  7.027  feet, 

whereas  the  sum  of  the  minor  losses  is  only  0.277  foot,  which  is  less 
than  4  per  cent  of  the  total.  Therefore  the  loss  due  to  bends,  entry 
of  orifice,  velocity,  etc.,  unless  the  bends  are  numerous  and  sharp 
and  the  velocity  considerable,  are  insignificant  as  compared  with 
the  loss  due  to  the  resistance  of  the  pipe. 

PRACTICAL  EXAMPLES. 

1149.  Case  1.  Find  the  diameter  of  the  service-pipe  required 
to  meet  the  following  conditions : 

The  head  in  the  water-main  at  the  junction  with  the  service- 
pipe  is  50  feet.  Assume  the  condition  of  intermittent  service, 
on  account  of  which  500  gallons  is  to  be  delivered  per  diera,  and 
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only  flowing  daring  a  period  of  four  hours.  The  cock  in  the  ser- 
vice-reservoir or  cistern  is  40  feet  above  the  main.  The  length  of 
service-pipe  required  is  130  feet. 

To  fill  the  cistern  in  4  hours,  or  240  minutes,  requires  a  dis- 
charge into  the  cistern  of  |Jg  =  2.08  gallons  per  minute.  The 
available  head  at  the  cock  is  the  head  of  pressure  less  the  head  of 
elevation,  i?  =  50  —  40  =  10  feet.     As  the  pipe  will  be  small,  we 

will  take  the  value  of  Cm  Darcy's  eq.  (670),  (v=  C|/^-.^V  to 

be  65  (see  Table  LXXX);  and  from  eq.  (672),  D  =  ^(^.  %]^' 
Substituting  values, 

1      Pl^O    /2  08\'ni         I  1 

^=  m  bo  •  (ir)  J  =  7T3(°-«1^^»1)*=  7:93X°-*2=<^-«^31  ft., 

or  0.64  inches  =  d. 

The  value  assumed  for  (7  =  65  was  for  a  ^-inch  pipe,  whereas 
the  pipe  is  0.64  or  f  inch,  nearly.  (7=  70,  a  proportionate  value 
between  65  and  80,  the  respective  values  corresponding  to  i  and 
1  inch  pipes.     Substituting  this  new  value  of  C=70  and  reducing, 

ive  find  D  =  —t^  X  0.41  =  0.53  foot,  or  0.63  inch  =  d. 

The  two  values  are  practically  the  same.  Adding  one  sixth 
for*  incrustation,  we  have  d  =  0.74  inch,  or  say  a  f-inch  pipe. 

Applying  equation  (675)  in  connection  with  Table  LXXXI, 

zrQ^  =  ^  X  (2.08)'  =  56.24.     The  nearest  value  in  the  table  to 

this  is  48,  which  corresponds  with  a  f-inch  pipe,  as  above  found.  By 
the  use  of  such  a  table  the  labor  of  calculation  is  greatly  reduced. 
The  effect  of  imperfect  valves  or  cocks  is  to  reduce  the  effec- 
tive area  of  the  service-pipe,  if  the  area  is  reduced  the  velocity  at 
the  cock  must  be  increased. 

The  number  of  cubic  feet  of  flow  is  V—r-   per  second,  or 

T)*7t 

^—j—  X  7.50  X  60  gallons  per  minute;  that  is, 

Q  =  V^  X  7.50  X  60  =  363.43  FD'; 
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where  i>  ifi  in  feet.     Or 


F=  0  41  — 


where  d  is  in  inches. 

Where  the  full  bore,  }  inch  in  diameter  at  the  cock,  is  main- 
tained,  the  velocity  of  flow  required  to  deliyer  2.08  gallons  per 
minute  is 

2.08 
V  =  0.41  X  ,^'  ^,,  =  1.52  feet  per  second. 
(0. /5) 

If  d  is  reduced  to  i  inch,  V  =  3.41  feet  per  second. 

If  d  is  reduced  to  i  inch,  V  =  13.65  feet  per  second. 

While  small  reductions  are  immaterial^  a  considerable  change  is 
a  matter  of  importance. 

In  the  last  case  the  velocity  required  is  13.65  feet  to  deliver  the 
required  flow.    The  loss  of  head  to  produce  this  velocity  is  A'  = 

i^^  =  2.9  feet. 
o4.4 

To  find  the  effect  of  this  loss  of  head.    The  available  head^ 

instead  of  being  10  feet,  is  now  10  —  2.9  =  7.1  feet;  then  irC'= 

130 

— -  X  (2.08)'  =  79,  which  would  require  a  ||-inch  pipe,  or  a  mar- 

ket  size  of  1  inch  diameter.     The  effect  of  any  other  reduction  could 
be  found  in  the  same  manner. 

If  we  assume  that  in  the  length  of  pipe,  130  feet,  there  are 
10  bends  of  90°  each  and  radius  of  3  inches,  to  be  on  the  safe 
side  the  diameter  of  the  pipe  should  be  the  actual  diameter  re- 
quired, and  not  that  increased  to  allow  for  incrustation.    In  this 

case  the  least  diameter  is  0.63  inch,  and  not  0.75  inch.    Then  from 

R 
eq.  (676),  of  loss  of  head  from  bends,  ?i"  =  baV*;  the  ratio  ^  = 

3 
_ '  -  =  4.92,  the  value  of  b  corresponding  in  table  =  O.OOOOli. 

The  required  velocity  for  discharge  of  2.08  gallons  per  minnte, 

Q  2.08 

through  a  pipe  0.63  inch  diameter,  is  F  =  0.41  ~  =  0.41,Tr-g5Ti  = 

2.15  feet  per  second;  then  A"  =  0.000011  X  90  X  (2.1 5)«  =  0.0045 
foot,  loss  of  head  at  each  bend,  and  for  10  bends  0.045  foot,  which 
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is  80  small  that  it  need  not  be  considered^  as  has  already  been  inti- 
mated would  be  the  case. 

1160.  Water-supply  to  a  House  with  Constant  Service. — Case  2. 
Diagram  Fig.  428  shows  a  main  and  service-pipe  leading  to  the 
house.    Assuming  that  the  supply  is  required  to  be  4  gallons  per 


minute  at  the  spigot  A  and  3  gallons  at  B,  when  both  spigots 
are  open.  Required  to  find  the  diameter  of  the  pipes,  and  also 
the  discharge  from  each  spigot  when  the  other  is  closed.  The 
elevation  of  the  spigot  A  above  the  main  is  30  feet  and  of  B  10 
feet.  As  the  pipes  will  not  be  required  of  a  great  diameter, 
assume  the  pipe  8C  to  be  ^  inch  diameter  and  30  feet  in  length; 

then  from  Table  LXXXI  ~Q'  =  5,  i  =  30  feet,  ^  =  3  gallons; 

30  X  3' 
hence  H  =  - — = —  =  54  feet  will  be  the  loss  of  head  from  B  to 

5 

C.     C  and  B  being  at  the  same  level,  the  available  head  at  C  must 

be  54  feet,  and  since  the  spigot  A  is  20  feet  above  C,  the  available 

head  is  54  —  20  =  34  feet.    Then  with  length  of  pipe  AC=2(y 

feet  =  i,  e  =  4  gallons,  and  i/ =  34  feet,     ^g*  =  ^^  x  16  =  9.4^ 

The  diameter  corresponding  in  Table  LXXXI  is  between  i  and  |^ 
inch.  Without  considering  the  minor  losses  of  head,  as  was  seen,  the 
loss  due  to  bends  proper  in  a  line  of  pipe  are  so  small  that  they  may 
be  neglected  here.  But  if  the  junction  of  pipes  at  (7  is  as  shown  in 
Fig.  42S  (a),  there  will  be  a  loss  of  head  required  to  impart  the 
velocity  in  the  pipe  CA^  and  a  further  loss  of  head  caused  by  eddies, 
as  indicated  by  the  arrow-heads;  this  is  taken  at  three  times  that 
due  to  the  velocity.  As  4  gallons  per  minute  is  to  be  discharged  at 
A,  the  velocity  required,  assuming  that  the  larger-sized  pipe,  §  inch. 
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0  4 

is  used,  is  from  equation  F=  0.41  \  =  0.41  x  .^  ^ ,.,  =  5.63  feet 

^  cr  (0.a4) 

per  second,  not  allowing  for  incrustation.     (See  table.) 

Loss   of  head  due   to  this  velocity  h"  =  ^  '     ^  =  0.492  foot 

The  total  loss  on  account  of  this  connection  will  then  be  0.492  x  3 
=  1.476  feet. 

If  the   bore  of  the  spigot  is  only  0.5   inch,  the   velocity  of 

4 
discharge  must  be  F  =  0.41  X  ,.  ^  v ,  =  6.56  feet,  and  a  further  loss 

of  head  =     ',  /  =  0.67  foot;  but  as  the  head  required  to  produce 
64.4  *^ 

the  flow  in  the  pipe  is  0.492  foot,  the  loss  due  to  the  contraction 
at  the  spigot  is  0.67  —  0.492  =  0.178  foot.  The  total  minor  loss 
of  head  is  then  1.476  +  0.178  =  1.654  feet.     The  available  head 

is  therefore  34  —  1.654  =  32.346  feet,  or  say  32  feet;  then  -  Q^  = 

20 

^  X  16  =  10.     This  from  Table  LXXXI  calls  for  ^-mQh  pipe,  or 

say  f  inch. 

It  only  remains  to  determine  the  size  of  the  pipe  leading  from 
the  main  at  D  to  the  point  C  (see  Fig.  428),  CD  being  taken  100 
feet  long.  We  found  above  that  the  available  head  at  C  should  be 
34  feet,  and  as  there  is  a  rise  of  10  feet  between  DC,  and  the  avail- 
able head  at  the  main  D  being  90  feet;  there  remains  to  overcome 
the  resistance  in  the  pipe  CD,  an  available  head  of  90—44=46  feet 

which  in  table  corresponds  with  a  |-inch  pipe,  or  the  nearest  market 
or  standard  size  1  inch  diameter. 

If  the  connection  at  C  is  made  as  shown  in  Fig.  428  (J),  then 
the  loss  of  head  due  to  eddies,  etc.,  1.476  feet,  would  not  have 
occurred,  and  the  loss  would  occur  only  in  branch  BC. 

To  find  the  discharge  from  one  spigot  when  the  other  is  closed, 
Assuming  A  open,  B  closed,  the  available  head  is  evidently  90  —  30 
=  60;  or  allowing  2  feet  for  all  minor  losses,  H  =  58  available  head. 

L  is  now  equal  to  100  +  20;  then  ^Q^  ^^^~—Q*  =  117  ^rom 

n  58 

Table   LXXXI,   corresponding  with  a  |-inch  pipe;    then   Q*  = 

1 17  X  58 
^—  —  =  56.55  and  (^  =  7.5  gallons  per  minute. 

1.  •*v/ 


HYDRAULICS  AS  APPLIED  TO   BUILDING  CONSTRUCTION.   1449 


When  spigot  A  is  closed  and  B  open,  we  h^ve  from  0  to  D 
41^-inch  pipe  and  from  C  to  -5  a  ^-inch  pipe.  Whatever  may  be 
the  required  head  at  C,  call  it  h^,  then  the  available  head  in  the 
portion  CZ>  =  90  -  10  —  h^ 

Then  in  the  pipe  CB,  i  =  30  feet,  head  =  h^,;  and  since  the 

L  30 

pipe  is  i  inch  diameter,  ^Q^  =5  =  -j-Q*,  and  for  the  pipe  CD, 

L=  100  feet,  11=  SO  ^  hg.;  then  for  a  |-inch  pipe   from  Table 
LXXXI 

The  discharge  Q  must  be  the  same  through  both  pipes.     Dividing 
the  last  two  equations  into  each  other, 


30  5A, 


.-.  Ju  =  70.02  feet. 


100       117(80-70' 

30  30 

Substituting  this  value  in  5  =  ^§'  =——^Q\  we  find  Q'  =  11.67 

and  Q  =  3.41  gallons  per  minute.    The  same  result  is  obtained  by 

substituting  in  117  =  ^ r~0'«     Q  =  ^-^l  gallons  per  minute. 

oO  —  fix 

1151.  Water'8tip2)hj  to  Eight  Houses  in  a  Street. — Case  3.  The 
following  example  is  given  substantially  as  worked  out  in  Notes  on 
Building  Construction.  The  exact  solution,  involving  the  use  of 
several  quadratic  equations,  would  be  long  and  tedious. 

Figs.  429  (a)  and  {h)  show  the  main,  the  branch  main,  and 
position  of  the  eight  houses.  The  levels  of  the  branch  main  and 
spigots  are  shown  in  Fig.  429  (J).  The  connections  in  each  house 
are  shown  in  Fig.  428. 

Find  the  diameter  of  the  branch  main  capable  of  supplying 
each  house  with  5  gallons  of  water  per  minute. 

The  highest  spigot  tn  Fig.  429  (b)  is  29  feet  above  the  main, 
and  is  connected  with  the  main  by  120  feet  of  f-inch  pipe.  The 
discharge  from  it  is  4.9  gallons  per  minute  when  the  head  in  the 
main  is  90  feet.  This  example  is  worked  out  in  every  respect  simi- 
lar to  the  one  already  worked  out  in  Case  2,  the-  diameters  of  the 
pi}>es  being  somewhat  different,  and  the  English  gallon  used  instead 
of  the  U.  S.  gallon. 

It  will  be  seen  that  the  discharge  is  almost  the  same  when  both 
spigots  are  running.  The  lower  spigots  are  therefore  not  considered 
iu  this  example. 
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Size  of  the  Main,  Half  of  the  Spigots  Opened  Simulianeaudy. 
— lb  is  very  unlikely  that  all  the  houses  will  require  water  at  the  same 
time>  and  a  very  safe  assumption  to  make  is  that  half  the  number 
of  houses  require  the  full  amount  of  water  at  the  same  time. 
Supposing,  therefore,  that  the  upper  spigots  in  houses  1,  2,  l^  and 
2'  are  opened  simultaneously,  and  that  an  average  of  4.9  gallons  is 
running  out  of  each,  then  the  head  at  A^  is  90  —  39  =  61  feet  more 
than  the  height  of  the  spigot,  that  is,  //,  =  6l  +  31  =  92  feet. 
That  is,  the  available  head  required  to  produce  a  discharge  of  4.0 
gallons  from  the  spigot  29  feet  above  the  main  is  61  feet,  and  for& 
spigot  31  feet  above  the  main  the  available  head  must  still  be  Gl^ 
while  the  total  must  be  92  feet. 

As  the  pressure  in  the  main  at  A  is  due  to  a  head  of  92.5,  as 
shown  in  Fig.  429  (a),  the  available  head  in  the  portion  of  the  branch 
main  AA^  is  92.5  ~  92  =:  0.5  foot.  The  discharge  at  A^  must  be 
4.9  X  4  =  19.6  gallons  per  minute  for  the  four  houses.    Then 

Ag«  -  ^  X  (19.6)*  =  460^000,  nearly. 

Referring  to  Table  LXXXI,  the  nearest  value  of  jfQ*  corresponds 

with  a  pipe  4  inches  in  diameter. 

This  main  branch  might  be  reduced  in  size  after  the  junction 
with  each  house,  but  for  a  series  of  not  more  than  eight  houses  no 
such  reduction  is  made. 

All  Upper  Spigots  Opened  Simultaneously. — The  discharge 
from  each  spigot  will  be  reduced  very  little.  Then  for  a  first 
approximation  assume  that  the  average  discharge  per  spigot  is  4 
gallons  per  minute  when  all  taps  are  running.  Then  the  discharge 
at  A^  must  be  8  X  4  =  32  gallons  per  minute. 

From  Table  LXXXI,  for  a  4-inch  pipe,  ^  C'  =  420,000,  L  =  120, 

xz 

Q'  =  (3-2)';  .-.  ff=l^--^^  =  0.29  foot,  which  is  the  loss  of 
^         V     /  >  420,000  / 

head  between  A  and  A^,    The  available  head  at  A^  is  ff^  =  92.5  — 

().":i9  =  92.21  feet,  as  A  and  A^  are  at  the  same  level. 

The  discharge  from  the  spigot  A  in  house  No.  4  with  }-inch 

pipe,  from  Table  LXXXI, 

^'/)«-4«- l^ 0«.     n  •  -  l?(??:21-_2?) 

//^*  ""  (92.21  -  29)^*  '     V4  -  3^20 
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or  Q^  =  5  gallons  per  minute,  and  for  houses  Nos.  4  and  4'  =  5  x  ^ 
=r  10  gallons.  The  discharge  at  A,  must  then  be  32  —  10  =  2^ 
gallons. 

^e.'  =  420,000  =  ^^X  (22)';  .-.  H  =  ^^^|^  =  0.28  foot, 

the  loss  of  head  between  A^  and  A^,a  distance  of  240  feet. 

In  figure  (b)  the  branch  is  5  feet  below  the  main;  hence  the. 


WAT£H  tUPPLV  TO  CIQHT  HOUSES 


H,-5' 

Fig.  429. 

head  at  A^  is  92.21  +  5  —  0.28  =  96.93  feet,  and  the  discharge  in 

house  No.  3  is  ^  =  — ^ — ^^-r -,  or  §  =  5.4  gallons  per  minute,. 

The  discharge  at  ^,  =  22  -  2  X  5.4  =  11.2. 

240  X  (11.2)' 
^  420,000  ^•"^* 

And  since  -4,  is  5  +  2  =  7  feet  aboYe  A^ , 

jff,  =  96.93  -  7  -  0.07=  89.86, 

and  discharge  in  No.  2  is 

^ ,       48(89.86  -31)  ^        .  «      „ 

V»  =  — ^^ — J2Q -I    •••  Qt  =  4.8  gallons  nearly. 

The  discharge  at  A^  is  11.2  —  9.6  =  1.6. 

240  X  (1.6V 
//"=     420  QOQ      ^  0.014,  the  loss  of  head  from  A^  to  J,  and 

the  head  at  A,  =  89.86  -  0.01  =  89.85. 

Discharge  in  house  No.  1  =  §j'  =  — ^ — '      "" — -,  and  Q  =  4.ft 
gallons  per  minute. 
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The  actual  quantity  of  discharge  in  the  eight  houses  required 
by  the  available  head  and  size  of  branch  main  is  (5  +  5.4  +  4.8  -f-  4.8) 
2  =  40  gallons,  while  the  estimated  average  discharge  is  only  32 
gallons.  If,  then,  for  a  second  approximation  we  take  the  average 
at  4.9  gallons  for  each  spigot  per  minute,  the  discharge  at  A^  must 
be  4.9  X  8  =  39.2  gallons.    Then,  following  the  same  steps  as  before, 

^g*  =  ^  X  (39.2)«  =  420.000;  H^  ^^430,^0^^'  =  ^•"'  '"*  *' 
Lead  between  A  and  A^.  Hence  head  at  A^  =  H^  =  92.5  —  0.44  = 
93.06.  Then  g,'  =  ^^^^~f.ff,r  ''^^\  and  Q,  =  5  gallons.  Discharge 
^t  A^  =  39.2  —  10  =  29.2.    Loss  of  head  between  A^  and  A„ 

„     240  X  (29.2)'       ....    , 
^=      420,000       =0-^8f»ot- 

Bead  at  A,  =  92.06  +  5  -  0.48  =  96.58  =  H^. 

^,      48(96.58-24)      ^        .  a      ii 
Q"  =  ^20 -*     Qt  =  5-4  gallons. 

Similarly,  H^  =  96.58  -  7  -  0.19  =  89.39  and  Q^  =  4.8  gallons. 
H^  =  89.39  -  0.04  =  89.35;  Q^  =  4.8  gallons. 

From  which  we  see  that  the  assumed  discharge  agrees  practi- 
cally with  the  computed  discharge.  The  calculated  discharge  is, 
however,  practically  the  same  in  the  two  cases.  This  is  readily 
understood  when  we  consider  that  a  small  alteration  in  the  head 
produces  a  considerable  alteration  in  the  discharge  of  a  large  4-iiich 
pipe,  but  causes  no  practical  difference  in  the  discharge  of  a  small 
J-inch  pipe. 

Case  4.  Required  to  find  the  discharge  in  the  pipe  connecting 
house  No.  3  when  only  this  spigot  is  opened.  As  yet  we  do  not 
know  the  head  at  A^  =  H^;  but  whatever  it  is,  we  find  by  referring 
to  the  preceding  values  of  ^/  the  discharge  through  the  J-inch 
service-pipe  is 

,  _  4S(H,  -  24) , 
^»  120        ' 

^nd  for  the  4-inch  pipe. 


.  _  420000(92.5 -f  5 -~ff,) 
^*  "  240  +  120 
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Q^  is  the  same  in  both  equations,  hence 

Hence  -ff,  =  97.5  feet,  nearly.  That  is  to  say,  that  the  flow  of  water 
from  A  to  A^  is  so  little  that  there  is  no  appreciable  lo8»  of  head- 
Therefore 

Q^  =  —      '     '-    and     Q^  =  5.42  gallons  per  minute; 

and  the  discharge  is  practically  as  found  before.  In  the  above^ 
example  though  the  service-pipe  is  J  inch  diameter,  the  quantity 
48  corresponds  to  an  effective  diameter  after  incrustation  of  only 
0.64  inch.     When  the  pipes  are  new,  however,  the  effective  diameter 

is  0.75  inch,  corresponding  to  the  value  of  -^§*  =  117.    Substituting 

xz 

this  in  the  last  equation,  (48),  we  find 

^,      117(97.5-24)         .     ^       Q.      11  .     . 

V,  == ^nt\ ^^^     ^,  =  8.4  gallons  per  minute. 

In  other  words,  the  discharge  will  be  considerably  greater  when 
the  pipes  are  new. 


FLOW  OP  WATER  IN  OPEN   CHANNELS, 

1162.  Discharge  from  Open  Channels  and  from  Pipes  flowing 
partially  Full. — As  has  been  already  stated,  water  flowing  in  an 
open  channel  is  not  flowing  under  pressure,  and  the  loss  of  head  is 
entirely  a  loss  of  head  of  elevation. 

Gravity  is  the  cause  of  the  flow  of  water,  whether  in  closed 
pipes  or  in  open  channels.    We  have  seen  that  in  closed  pipes. 


M^I^ 


Fig.  480. 


when  running  full,  the  water  flows  under  pressure,  and  so  far 
as  discharge  is  concerned  the  flow  may  be  the  same  whether  the 
pipe  is  horizontal,  incliaed  downwards,  or  inclined  upwards,  pro- 
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Tided  the  head  of  pressure  is  the  same.  It  is  also  essential  that 
the  entry  end  of  the  pipe  shall  be  immersed  below  the  surface  of 
the  water  in  the  cistern  or  reservoir^  at  a  depth  below  the  surface 
so  that  the  head  of  pressure  may  be  sufficient  to  overcome  the  re- 
sistance and  impart  the  required  velocity  in  the  pipe,  this  depth 
being  measured  to  the  centre  of  gravity  of  the  section  of  the  pipe 
at  its  en(f. 

If,  however,  as  shown  in  Fig.  430,  water  issues  from  an  orifice 
at  d  into  an  open  channel  db'b",  it  will  simply  rise  until  attaining 
the  level  bV,  and  if  no  more  water  issues  from  the  orifice  it  would 
remain  at  rest.  If,  however,  this  condition  of  equilibrium  is  de- 
stroyed by  allowing  a  constant  volume  of  water  to  issue,  the  water 
-surface  will  rise  above  W,  and  the  fluid  particles,  under  the  action 
of  the  force  of  gravity,  will  flow  towards  b\  When  the  motion  of  the 
water  is  fully  established  and  the  flow  past  the  point  b'  has  become 
uniform,  the  surface  of  the  water  will  slope  downwards  towards  a". 

This  inclination  is  at  once  the  cause  and  effect  of  the  flow,  and, 
being  a  resultant  of  a  constaiit  force,  gravity,  may  be  used  as  a 
measure  of  the  portion  of  that  force  which  is  consumed  in  main- 
taining the  velocity  of  flow. 

Let  the  channel  be  extended  with  a  uniform  inclination  from  V 
to  any  desired  length,  as  from  V  to  b'\ 

1153.  Resistances  to  Flow. — Fig.  430  represents  a  vertical  lon- 
gitudinal section  along  the  channel,  which  may  have  bottom 
«nd  sides  of  any  material — of  timber,  stone,  iron,  or  of  earth 
.as  in  an  open  ditch  or  canal.  But  for  the  resistances  developed 
to  the  flow,  the  velocity  would  increase  indefinitely  under  the 
accelerating  force  of  gravity.  The  resistances  are  due  to  fric- 
tion and  adhesion  of  the  particles  to  the  bottom  and  sides,  and  to 
the  obstructions  caused  by  projections,  and  to  the  air  resistance  on 
the  surface. 

If,  then,  S  is  the  area  per  unit  of  length  of  the  wetted  surface  or 
perimeter  of  the  channel,  S^  the  area  of  the  water  surface  per  unit 
of  length,  A  the  area  of  the  cross-section  of  the  water  column,  r 
the  mean  velocity  of  flow  of  the  stream  in  feet  per  second,  all  of 
the  above  quantities  in  feet  or  square  feet;  and,  finally,  L  =  length 
of  the  channel  in  feet,  measured  from  a',  where  the  flow  is  uniform, 
— the  total  resistance  is  found  to  vary  directly  as  Sj  directly  as  a 
oertain  part  iS,  taken  at  -fj^S^ ,  directly  as  the  length,  directly  as 
the  square  of  the  velocity  multiplied  by  some  coefficient  m,  and  in- 
Tersely  as  A,  the  area  of  the  stream. 
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If  B  is  the  sum  of  all  of  these  resistances  in  foot-pounds  per 
second^  then 

B  =  ^  '^^'^^^  X  i  X  mV (678) 

When  the  surface  of  the  water  is  level  the  entire  force  of  gravity 
acts  througli  it  as  pressure,  but  when  the  surface  is  inclined  a  por- 
tion of  this  pressure  is  converted  into  motion. 

If  in  Fig.  430  « V"  is  a  length  unity,  the  vertical  and  horizon- 
tal components  of  this  inclination  of  the  surface  per  unit  of  length 
are  a'"e  =  A"  and  a'e  =  /,  respectively. 

The  eflfective  action  of  gravity  g,  in  maintaining  motion  or  ve- 
locity of  flow,  varies  with  the  slope,  and  the  slope  i  is  measured  by 
the  sine  of  the  inclination,  that  is,  taking  the  angle  for  the  sine, 

i  =  -y-.     If  there  were  no  resistance  to  flow,  the  velocity  F  would 


be  accelerated  in  the  distance  /  by  an  amount  =  V2gh";  but  since 
the  flow  is  uniform,  the  sum  of  the  resistances  in  the  length  I  pre- 
vent any  acceleration,  and  the  velocity  continues  at  the  rate  estab- 
lished at  a',  which  is  due  to  some  height. 


i^ 


aa'  =  A  =  ^,  or  V  =  ^^gli. 

The  following  considerations  and  principles  will  aid  in  a  clearer 
understanding  of  this  problem. 

The  velocity  referred  to  in  all  formulas  is  what  is  known  as  the 
mean  velocity  at  any  section. 

1164.  Greatest  and  Least  Velocities, — The  greatest  velocity  of 
the  same  cross-section  of  a  stream  is  found  at  some  central  point, 
and  the  least  close  to  the  sides  and  bottom  of  the  channel.  In  open 
channels,  like  those  of  rivers,  the  ratio  of  the  mean  velocity  to 
the  greatest  or  central  velocity  is  given  approximately,  by  Prony's 
formula,  as  follows: 

Mean  velocity    __  greatest  velocity  +    7.71  feet  per  second 


Greatest  velocity      greatest  velocity  +  10.28  feet  per  second* 

The  least  velocity  is  about  as  much  less  than  the  mean  velocity 
as  the  greatest  velocity  is  greater  than  the  mean.  In  ordinary 
cases,  the  least,  the  mean,  and  the  greatest  velocities  may  be  taken 
as  bearing  to  each  other  nearly  the  proportions  of  3,  4,  and  5.  In 
very  slow  currents  they  are  nearly  as  2,  3,  and  4. 
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1166.  Steady  Flow. — General  Principles, — Steady  motion  of  a 
mass  of  fluid  means  that  kind  of  motioD,  as  distinguished  from  nn* 
steady  motion^  in  which  the  velocity  and  direction  of  motion  of  a 
particle  depend  on  its  position  alone,  and  not  jointly  on  position 
and  time,  so  that  each  particle  of  the  series  of  particles  which  sac- 
cessively  come  to  a  given  point  assumes  a  certain  velocity  and 
direction  of  motion  proper  to  that  point.  It  is,  in  short,  the  motion 
of  a  permanent  current,  as  distinguished  from  that  of  a  var}'ing 
current,  or  that  of  a  wave. 

In  order  to  acquire  velocity  from  a  state  of  rest,  or  an  increase 
of  velocity,  a  fluid  particle  must  pass  from  a  place  of  greater  total 
head  to  a  place  of  less  total  head. 

This  it  may  do  either  by  actual  descent  from  a  higher  to  a 
lower  level,  or  by  passing  from  a  place  of  more  intense  pressure 
to  a  place  of  less  intense  pressure,  or  by  both  those  changes  com- 
bined. The  loss  of  head  thus  incurred  is  connected  with  the  veloc- 
ity produced  by  the  following  laws: 

(1)  In  a  liquid  without  friction  the  loss  of  head' in  producing* 
given  increase  of  velocity  is  equal  to  the  height  of  vertical  fall 
which  would  produce  the  same  increase  of  velocity  in  a  body  falling 
freely;  in  other  words,  the  loss  of  head  is  equal  to  the  height  due 
to  the  acceleration ;  and  if  the  particle  starts  from  a  state  of  rest, 
that  height  is  called  the  height  due  to  the  velocity,  or  height  in 


v' 


feet  =  h  = 

G4.4 

(2)  If  the  motion  of  the  liquid  is  impeded  by  friction,  there  is 
an  additional  loss  of  head,  bearing  to  the  height  due  to  the  velocity 
of  flow  a  certain  proportion,  depending  on  the  figure  and  dimen- 
sions of  the  channel  and  openings  traversed  by  the  stream,  includ- 
ing resistances  at  surface,  sides,  beds,  eddies,  roughness  of  surface, 
and  other  circumstances.     This  loss  is  expressed  by 

Fit  =  F~%  =  A" (679) 

64.4 

The  combination  of  these  two  losses  is  expressed  by 

in  which  F  is  a  factor,  determined  by  experiment,  and  express- 
ing the  proportion  which  the  loss  of  head  by  friction,  etc.,  bears  to 
the  height  due  to  the  velocity. 
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In  an  open  channel  the  loss  of  head  II  consists  wholly  in  dimi- 
nution of  the  head  of  elevation,  and  is  the  actual  fall  of  the  upper 
surface  of  the  stream. 

In  a  close  pipe  it  may  consist  wholly  or  partly  of  a  diminution 
of  the  head  of  pressure,  and  is  then  called  virtual  fall,  as  has  been 
already  explained  and  illustrated. 

If  the  water,  instead  of  starting  from  a  state  of  rest,  has  a  sensi- 
ble velocity  of  flow  at  the  starting-point,  the  loss  of  head  required 
is  diminished  to  the  extent  of  the  height  due  to  the  velocity  of  ap- 
proach, as  it  is  called.     If  v^  is  the  velocity  of  approach,  the  loss  of 


v" 


head  due  to  this  velocity  =  ^-py,  and  II  becomes 

o4.4 


v'  v' 


^=^^'+^^64:4""  6^4 ^^^^^> 

When  a  stream  flows  with  a  uniform  speed  down  a  uniform 
channel,  and  two  cross-sections  of  that  channel  are  compared  to- 
gether, the  velocities  v^  and  v  are  equal.  In  this  case  the  whole  loss  of 
head  between  the  two  cross-sections  is  expended  in  overcoming  fric- 

V* 

tion  and  other  resistances;  then  eq.  (680«)  becomes  IT  =  F^-r-r- 

'  64.4 

F  in  eq.  (679)  is  the  sum  of  the  quantities  already  mentioned, 

that  is,  F  =  ^  +  ^-^^^  X  Im. 

A 

If  the  sum  of  the  resistances  in  the  length  a^a"'  =  I  balance 

the  accelerating  force  due  to  the  head  a'"e  =  A",  then 


,// 


^  =  r,  the  hydraulic  mean  depth,  and  — ^  =  i;  then 


S  +  OAS\        '  ' ^    ' e 


1 2qri 


(682) 


A"=^ ,^g3^ 
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The  total  head  H  =  h  +  h"  =  ^  +  ^,  and 

2g        "igr' 


+  «i (684) 

r 

In  long  canals  and  rivers  with  slopes  not  exceeding  3  feet  per 
mile  the  velocity-head  h  is  insignificant  as  compared  with  the  fric- 
tion-head h"y  and  may  be  neglected  in  the  equation. 

When  the  rate  of  flow  is  uniform,  A  is  constant  and  independent 
of  the  length.     The  friction-head  W  increases  with  the  length. 

Taking,  then,  the  value  V  (and  neglecting  the  value  of  A  = 

t;'         .  . 

— ,  which  has  given  the  stream  its  resultant  motion),  the  head-bal- 
ancing the  resistance  to  flow, 

Eq.  (685)  gives  the  mean  velocity  of  flow  in  feet  per  second. 
If  the  flow  is  to  be  at  some  predetermined  rate,  it  is  necessary  to 
find  the  inclination  or  slope  t;  then  from  eq.  (685) 

%  =  o— (6S6 

2gr  ^ 

The  coefficient  m  is  of  very  uncertain  value,  and  depends  on  a 
variety  of  conditions  and  circumstances. 

It  seems  impracticable  to  find  any  fixed  relation  between  the 
slope  and  cross-section  of  a  running  stream  and  the  resulting  mean 
velocity,  though  for  a  considerable  distance  above  and  below  the 
section  there  may  be  a  relation  between  the  bed  of  a  stream,  the 
surface  slope,  and  the  resulting  velocity  at  the  section,  as  applietl 
to  any  one  stream,  and  any  one  portion  of  that  stream.  No  two 
streams  have  similar  beds,  nor  the  same  stream  in  different  portions 
•of  length,  and  these  are  constantly  changing.  Again,  the  slope  is 
seldom  uniform  over  any  considerable  distance,  and  it  is  seldom 
that  the  velocity  at  any  section  corresponds  to  the  slope  across  that 
section. 
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The  value  of  formula  for  determining  the  mean  velocity  is 
therefore  not  much  to  be  relied  upon,  unless  in  case  of  uniform  bed 
and  slope. 

Experience  shows  that  the  coefficient  m  is  less  for  large  or  deep 
streams,  for  high  velocities,  and  for  smooth  channels,  than  for 
small  or  shallow  streams,  for  low  velocities,  and  for  rough  channels. 

Kutter's  formula  is 


V  =  c  Vri (687) 

A  fuller  discussion  of  this  formula,  with  tables  giving  the  value  of 
the  coefficient  Cy  was  given  in  Art.  IX.     As  will   be  noticed,  c 


'"  s/l  '■ 


corresponds  with  a  /  —-  in  eq.  (685). 

Kntter's  formula  seems  to  have  been  accepted  as  the  most  reli- 
able and  valuable  for  general  use,  when  tables  for  the  value  of  c  are 
available.    For  some  practical  examples  see  Supplement. 


DISCHARGE  FROM  PIPES  FLOWING  PARTIALLY   FULL. 

1156.  The  formula  already  deduced,  eq.  (687), 

Cy  a  coefficient  to  be  determined  by  experiment; 
r  =  the  hydraulic  mean  radius  or  depth ; 
i  =  the  slope  of  the  pipe; 
V  =  the  mean  velocity  in  feet  per  second. 

Por  pipes  running  full, 

TiD^        1         D        .    .      H     .  ,      D  H 

r  =  -T—  X  —f,  =  T>  ^^^  *  =  -r  >    hence  rt  =  -i---/^. 
4         ttD       4  L  4    L 

This  shows  that  the  formulae  for  pipes  running  full  are  similar 
to  those  for  pipes  running  only  partially  full,  the  former  being  a 
special  case  of  the  latter.    This  distinction  must  be  drawn,  namely, 

that  -^-  is  simply  the  head  of  water  divided  by  the  length  of  pipe, 

whether  the  pipe  is  straight  or  not,  when  running  full,  while  the 
slope  i  may  be  different  at  different  points  when  the  pipes  are  run- 
ning only  partly  full. 
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In  Fig.  423,  y-  of  the  equations  for  pipes  running  full  is  .    '  ^ 

A       in  Fig.  431,  and  the  velocity  of  flow 
^  T"  would   be    the   same   throughout  the 


length  of  the  pipe. 


'         But  when  the  pipe  is  only  partially 
full,  each  portion  AB  and  BC  must 
"5  E       be  considered  separately.    For  the  por- 

FiG.  481.  tion  AB, 

t  ==  ^'  y  ^\   andfor^C,   t  =  ^,   .    •    .    (685) 

and  the  velocity  would  be  greater  in  AB  than  in  AC. 

Let  Fig.  432  be  the  section  of  a  pipe  running  partially  full. 
The  discharge 

Q  =  ACVri, (689) 

A  being  the  area  of  discharge,  that  is,  a  segment  of  a  circle.  This 
area  is  area  of  the  sector  KNOMK  minus  the  area  of  the  triangle 
KNM,  or 

^  =  3^X;r^-^sin0.      ....    (690) 

The  wetted  perimeter  NOM=  S  =  -^^D;  hence  the  hydraulic 
mean  depth  » 


1  Ty%(^  _  sin  0\ 
4      V360  2    / 


360-^ 


which  substituted  in  eq.  (689),  we  find  the  discharge  Q. 

The  more  important  problem  is  to  find,  especially  in  sewer  or 
drain  pipes,  whether,  when  conveying  a  certain  quantity  of  sewage^ 
the  velocity  is  sufficient  to  keep  the  pipe  clean  without  flushing; 
or,  knowing  the  diameter  of  the  pipe  and  the  discharge,  to  find  the 
velocity  of  flow. 


HYDRAULICS  AS  APPLIED  TO  BUILDING  CONSTRUCTION.   1461 


From  eq.  (687),  v^  =  CTri',  r  =  :^-;  ^  =  f-;  ^'  =  ^'^*# 


heDce 


^t^O^ (692) 


In  this  equation  (692)  the  value  of  S,  the  wetted  perimeter,  is 
as  yet  unknown.    Assuming  a  trial  value,  S\  we  obtain  a  corre- 


o 
Fig.  482. 

sponding  value  for  v  =  v, ,  and  from  the  following  table  a  value 
^,  corresponding  to  5".    The  discharge 

Q.  =  AV, (693) 

If  Q^  is  greater  than  the  actual  discharge,  Q,  given,  then  v^  is 
too  great,  or  S'  is  too  great.  If,  on  the  contrary,  Q^  is  less  than  Q, 
the  value  of  8'  or  v'  is  too  small.  The  proper  value  of  v  ought 
to  be  found  after  two  or  three  trials  with  a  sufficient  degree  of  ap- 
proximation for  all  practical  purposes. 

The  following  table  shows  the  relation  between  the  wetted 

perimeter  S  =  ^^^>  and  the' cross-section  of  flow. 
\l7t(f>      sin  0 


A^-A^-^- 


^\*^nr^  c^    1^%  whcrc  0  Is  the  angle  subtended  at  the 

4\oo0  A    i 

centre  by  the  wetted  perimeter  and  D  is  the  diameter  of  the  pipe. 

The  table  is  readily  calculated,  can  be  readily  extended,  or  any 
intermediate  values  calculated. 


S_  _  rt^^    _^_  \ln<(}  ^  sin  0\ 
^"360'    5^~4\360      "~2~/' 
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Assuming  0  =  57°  18',  sin  0  =  0.84, 

~  =  3.1416  X  ^^-  =  3.1416  X  0.1592  =  0.5001  or  0.5; 

•^  =  i(0.5  -  0.42)  =  i  X  0.08  =  0.020. 

These  results  are  recorded  opposite  each  other  in  the  above 
table.    Similarly  for  any  otlier  value  of  0. 

Tablb  LXXXV. 


s 

A 

a 

A 

a 

A 

D 

D» 

D 

D« 

D 

D^ 

0.1 

0.00025 

1.1 

0.174 

2.1 

0.638 

0.2 

0.00137 

1.2 

0.216 

2.2 

0.669 

0.3 

0.0064 

1.3 

0.260 

2.8 

0.699 

0.4 

0.0105 

1.4 

0.307 

2.4 

0.725 

0.5 

0.020 

1.5 

0  857 

2.5 

0  745 

0.6 

0.034 

1.6 

0.406 

2.6 

0.760 

0.7 

0.053 

1.7 

0.456 

2.7 

0.771 

0.8 

0.075 

1.8 

0.505 

2.8 

0.779 

0.9 

0.108 

1.9 

0.551 

29 

0.782 

1.0 

0.186 

2.0 

0.594 

8.0 

0.785 

PRACTICAL  EXAMPLES. 

1157.  Case  1.  Having  an  18-inch  sewer  or  drain  pipe,  laid  at  a 
slope  of  I  in  200,  and  discharging  0.3  cubic  foot  per  second,  re- 
quired the  velocity  of  flow. 

Assume  that  -^^  =  0.6  foot,  6^,  =  0.6  X  Z>  =  0.6  X  (18  inches) 

or  1.5  feet  =  0.9  foot.  Then  from  eq.  (692),  F*  =  —^.  Inter- 
polating the  constant  O  from  Darcy's  Table  LXXX,  par.  1145, 
for  an  18-inch  pipe  C=  labout  111;  Q  =  0.3  cubic  feet;  t  =  fia; 

TTI'  X  0.3 

S  =  S^  =  0.9.     Then  the  corresponding  velocity  F/  =  ,, 'j 

=  20.54,  and  F^  =  2.75  feet  per  second. 

cr 

In  the  above  table  LXXXV,  corresponding  to  -~  =  0.6,  we  find 

^  =  0.034,  A,  =  0.034  X  (1.5)*  =  0.0765  square  feet;  then  Q,  = 
0.0765  X  2.75  =  0.21  cnbic  foot  per  second. 
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This  quantity  is  less  than  Q  =  0.3  cubic  foot,  the  actual  dis- 
charge.    The  first  assumption,  that  -^  =  0.6,  is  too  low.    Try  for  a 

second  approximation  yj  =  0.7;  S^  =  0.7 D  =  1.05  feet.    Then 


Corresponding  to  S^  =  0.7  in  table,  -^  =  0.052,  A  =  0.052  X  (1.5)* 

=  0.117  square  foot,  and  Q^  =  0.117  X  2.6  =  0.304  cubic  foot, 
practically  the  same  as  Q;  and  therefore  the  proper  velocity  of  flow 
=  V=T\:=  2.6  feet  per  second. 

If  this  had  proved  much  too  large  the  proper  value  of  jz  would 

have  been  between  0.6  and  0.7,  and  a  recalculation  made  in  a  sim- 
ihir  manner. 

In  the  case  of  small  drains  from  6  to  9  inches  in  diameter,  the 
velocity  should  not  be  less  than  3  feet  per  second ;  and  for  larger 
])ipes,  where  the  sewage  is  well  diluted  with  water,  the  velocity 
ought  not  to  be  less  than  2  feet  per  second,  unless  periodical  flush- 
ing is  resorted  to. 

1158.  Case  2.  The  following  examples  are  taken  substantially 
as  found  in  "Notes  on  Building  Construction:^' 

SIMPLE  SYSTEMS  OF   DRAINS. 

Fig.  433  shows  a  main  drain  AB,  1283  feet  long,  and  falling  on  a. 
uniform  slope  1.6  feet  from  B  to  A,  Two  branch  drains  lead  into 
the  main,  the  one,  BC,  falling  on  a  uniform  slope  3.1  feet  in  a 
length  of  320  feet,  and  having  a  maximum  discharge  of  4  cubic 
feet  and  an  average  discharge  of  0.2  cubic  foot  per  second;  the 
other,  BD,  falling  on  a  uniform  slope  12.2  feet  in  a  length  of  416 
feet,  having  maximum  discharge  of  3  cubic  feet,  and  an  average  of 
0.03  cubic  foot  per  second. 

Required  what  size  of  pipes  should  be  used,  and  whether  any 
arrangements  for  periodical  flushing  should  be  provided. 

For  pipe  BC.     Maximum  discharge  ©  =  4  cubic  feet  per  second. 

If  =4.7-  1.6  =  3.1  feet;  L  =  320  feet.     Then  —Q*  =  ~  X  (4)* 

12  t>.  1 

=  1650.    This  number  in  Table  LXXXII  corresponds  nearest  to 
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1850,  which  calls  for  a  12.inch  pipe.  From  which  it  is  seen  that 
this  pipe  will  run  very  nearly  full  when  having  the  maximum  dis- 
charge.   Assume  it  to  be  running  full :   then  yjQ*  =  1850,  Q^  = 

*  ,  and  Q  =  4.23  cubic  feet  per  second. 

ttD*    ,  „      4X  Q      4  X  4.23      ^  ,  .    , 

Q  =  AV=  V-—-;  hence  V=  — =^  = -^  =  5.4  feet  per 

4  ttD  ;r  X  1 

second.     This  velocity  is  well  above  that  for  flushing. 

Find  the  velocity  when  the  average  quantity  of  sewage  is  flow- 
ing, namely,  Q  =  0.2  cubic  foot  per  second.  Proceeding  as  in  Case 
1  preceding,  assume 

S,  =  0.8/>  =  0.8  foot,  since  Z>  =  12"  =  1'; 

C  =  109.5  for  a  12-inch  pipe,  by  interpolation  in  Table  LXXX. 

Then,  substituting  in  equation  (692), 

^,       10975'  X  0.2  X  3.1  _        o  A.V  *    ^  . 

F/  = ■—  .    .•.   F,  =  3.0  rf  feet  per  second. 

Note  that  instead  of  a  slope  of  -g^,  as  in  Case  1,  the  slope  is 
3.1 
^^^326- 

Corresponding  to  7^-  =  0.8  in  Table  LXXXV,  A,  =  0.075Z>'; 

hence  A^  =  0.075  X  1  =  0.0T5  square  foot.  Then  Q,  =  0.075  x 
3.07  =  0.23  cubic  foot  per  second.  This  is  a  little  in  excess  of  the 
actual  0.2  cubic  foot,  and  being  greater,  for  a  second  approximation 
S^  =  0,75D.  A  somewhat  smaller  value  might  be  assumed  and  a 
recalculation  made  if  great  accuracy  is  required.  Recalculated  on 
this  basis  F,  ■=  3.09  feet,  A,  =  0.64  square  foot,  and  Q,  =  0,198 
cubic  foot,  within  0.002  of  the  proper  quantity.  In  either  case,  the 
velocity  being  over  3  feet  per  second,  no  flushing  arrangements  are 
required. 

For  the  pipe  BD,  Q=3  cubic  feet;  //=  13.8  —  1.6  =  12.2  feet: 

L  =  416  feet;  Ji^'  =  il|  x  ?  =  307. 

This  calls  for  (see  Table  LXXXII)  a  pipe  between  8  and  9 
inches.     Assume  a  pipe  9  inches  =  0.75  foot  in  diameter. 

Find  how  full  this  pipe  will  run  when  discharging  maximnm 
quantity.  Again  follow  Case  I.  Assume  S^^  =  2.2/>  =  2.2  X  0.75 
=  1.65  feet. 

The  slope  i  is  12.2  in  416  feet.    Hence  equation  (692)  becomes 
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F.'  = 


IM*  X  3.00  X  13.2 


;  hence  F,=  8.5  feet  per  second.     (7=  108 


1.65  X  416 
ior  9-inch  pipe.     By  interpolation  in  Table  hXXX,  Q  =  3  cubic 

S  A 

ieet.    ^=2.2,  corresponding  value  of  >^=0.669,  Table  LXXXV; 

hence  A^  =  0.669  X  (0.75)*  =  0.376   square  foot,  Q^  =  0.376  X  8.5 

or 

=  3.2  cubic  feet  per  second.    For  j^  =  2.0,  F,=  8.8  feet  per  sec- 
ond, and  C,  =■  2.95  cubic  feet  per  second. 


ir 


22B8' 


Fio.  488. 

As  one  of  these  values  is  a  little  too  large  and  the  other  too 
small,  we  may  take  the  average,  and  make  the  wetted  perimeter 


JS= 


_S,+S^'j^_ 


D=2,ID;  and  as  J9  is  9  inches,  5^=9 X 2.1=18.9  inches; 


In  Fig.  434  (b),  the  entire  circumference  is  tiD  =  3.1416  X  9  = 


ABC->  9A 
ADC- 18.9 

jro-as.a'^ 


ABC-  33.9 


ADC-    tU 
«D-1IF 


Fios.  484. 


28.2744.    The  upper  or  unwetted  perimeter  will  be  28.3—18.9  =  9.4 

9.4 
inches,  which  corresponds  to  a  central  angle  =  ^^  x  360°  =  120% 

nearly.     The  pipe  will  be  filled  to  the  depth  shown  in  Fig.  434  (b). 
To  find  the  velocity  when  the  average  discharge  is  flowing: 
Assume  8,  =  0.6D  =  0.6  x  0.75  =  0.450; 

F.'  =  ^^^l^  =  2.286. 
'  0.4oO  X  416 
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Hence  F,  =  1.32  feet  per  second.    From  Table  LXXX V  for  ^  = 

0.6,  ^  =  0.034,  A,  =  0.0191  square  foot,  and  0,  =  0.0191  X  1.32  = 

0.025  cubic  foot.      This  is  somewhat  less  than  Q,  but  near  enough. 

As  the  Telocity  is  less  than  2  feet  per  second,  periodical  flushing 

would  be  necessary  during  dry  weather.     The  wetted  perimeter, 

8  =0.6  X9  =  5.4  inches;  the  un wetted,  28.3  —  5.4  =  229  inches. 

5.4 
The  central  angle  subtended  by  the  wetted  perimeter  =  r^-^  X 

360°  =  68°  42',  nearly.     (See  Fig.  434  (a).) 

For  the  pipe  AB,  as  this  is  the  main  drain,  it  will  have  to  carry 
the  discharge  from  both  BC  and  BB.  Then  y  =  4  +  3  =  7  cubic 
feet  per  second,  H  =  l.Q  feet,  and  L  =  1283  feet. 

^e«  =  ^1^  X  7"  =  39,300,  nearly, 

corresponding  in  Table  LXXXII  with  a  pipe  22  inches  in  diam*- 
eter  when  running  full.  But  not  to  run  any  risk  of  its  being- 
overcharged,  and  as  a  22-inch  pipe  is  rather  an  unusual  size,  we 
will  use  the  nearest  standard  size,  namely,  24  inches. 

Assume  S,  =  2.0D  =  4  feet;  C,  (see  Table  LXXX)  for  a  24- 

1  p 

inch  pipe  =  111.5;  ^  =  7;  t  =  t^.  Then  eq.  (692)  becomes 
r*  =  m^^-I^i:^.    Hence  F,  =  3.00  feet,  nearly;  J,  =  0.594 

X  B'  (see  Table  LXXXV  for  ^'  =  2.0);   A^  =  2.376;    Q  =  2.376 

X  3  =  7.128  cubic  feet  per  second  =  Q,  nearly. 

For  average  discharge  =  0.2  +  0.03  z=  0,23  =  Q;  S,--=  0.6Z)  = 
^^.    ^     jrt       111.5^X0.23X1.6         Tx       ,  /,  *    ^  A. 

1.2  feet;  F,«  = r2x~r283 '  "'*     »  ~  ^^^  second; 

Q  =  0.034  X  1.44  X  4  =  0.196  cubic  foot. 

Making  a  second  trial,  S^  =  0.652),  we  will  find  T,  =  1.40  feet 
per  second;  §,  =  1.40  X  4  X  0.042  =  0.235  =  Q,  near  enough. 

Under  maximum  discharge  the  wetted  perimeter  is  S  =  2  X  B 
=48  inches;  the  total  circumference  is  3.1416  X  24  =  75.4  inebe«: 
the  un  wetted   perimeter  =  75.4  —  48  =  27.4  inches;   the  central 

angle  is  ^44  X  360°  =  131°,  nearly;   and  the  flow  will  be  as  seen 

in  Fig.  434  {b),  changing  diameter  to  24  inches. 
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Under  average  discharge,  S  =  0.65/>  =  15.6  inches,  wetted 
perimeter;  un wetted  =  75.4  —  15.6  =  59.S  inches;  central  angle 

=  ^  X  360  =  74°  29',  as  seen  in  Fig.  434  (o),  changing  diameter 

to  24  inches. 

Owing  to  the  low  velocity  with  average  discharge,  which  is 
well  under  2  feet  per  second,  and  especially  because  the  velocity  is 
rather  low  when  discharging  the  maximum  quantity  of  sewage^ 
periodical  flushing  will  be  necessary. 

It  will  be  also  noted  that  even  with  the  average  discharge  the 
wetted  perimeter  is  large  in  comparison  with  the  amount  of  liquid. 
This  is  one  cause  of  the  low  velocity;  and  it  is  to  avoid  this  con- 
dition existing  when  the  pipes  have  to  be  of  large  size  to  carry 
maximum  flow,  and  consequently  necessitate  a  low  velocity  with 
average  flow,  that  the  egg-shaped  sections  are  adopted  for  sewers 
under  certain  circumstances. 

EGG-SHAPED   SEWERS. 

1159.  The  wetted  perimeter  can  be  reduced,  the  velocity  of 
discharge  increased,  and  at  the  same  time  the  depth  of  the  flowing 
liquid  increased  by  using  the  oval  or  egg  shaped  sewer,  while  quan- 
tity of  discharge  remains  unaltered.  Sewers  of  this  section  are, 
then,  suitable  when  the  slope  is  small,  average  discharge  small,  and 
maximum  discharge  large. 

Egg-shaped  sewers  are  made  of  several  forms  of  section.     Ex- 
perience shows  that  the  curves  of 
the   top,  bottom,  and  sides  and 
total    depth    should    bear    some  _^_ 

more  or  less  well-deflned  relation 
to  each  other. 

Let  D'  be  the  diameter  of  the 
lower  portion  of  the  section;  Z)",  ^°^-  ^• 

that  of  the  top  of  the  section ;  B,  the  radius  of  the  sides;  and  K,  tho 

depth.     Then  D' =  ^;  D'' ^^-f;  E=K,  as  indicated  in  Fig.  435. 

Case  3.  Assuming  the  same  data  as  for  the  main  pipe  AB, 
Case  2,  diameter  of  pipe  24  inches  =  2  feet,  slope  1.6  feet  in  a 
length  of  1283  feet.     The  area  of  crossrsection  of  a  24-inch  pipe  is 
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The  area  of  the  oval  is  approximately  that  of  an  ellipse  whoee 
«emi-axe8  are  ^JTand  iZ>"=  i .  iK=  iK,  or  area  of  oval  =  «-  X  i-f 

XiK  =  ^illMjf'  =  0.5236  E:\    Placing  this  equal  to  the  area  of  the 

:24-inch  pipe  0.5236 A"*  =  3.1416,  K—  2.45  feet,  nearly.    Or  taking 

the  depth  K=  2.5  teet,D'  =  ^  =  0.833  feet  or  10  inches,  and  Z>" 

=:  1.666  feet  or  20  inches.  From  these  dimensions  Fig.  435  ii 
drawn. 

Taking  the  average  discharge  =:  0.23  cnbic  foot  per  second,  and 
•as  this  amount  will  probably  not  rise  above  that  line  separating  the 
lower  circle  or  invert  from  the  sides  of  the  oval,  we  may  consider 
this  discharge  as  flowing  in  a  10-inch  pipe. 

Assuming,  then,  S,  =  1.2i>'  =  1.2  X  .833  =  1.0  foot:  For  a  10- 
inch  pipe  C=109,  i  =  ^'^,  Q  =  0.2d.  Eq.  (692),  F'  =  ^', 
becomes 


j^,      910«  X  0.23  X  1.6      _..-  TT       1^*    .  A 

'  =  — 1 0  X  1283 —  ~  '         F,  =  1.5  feet  per  second. 

From  Table  LXXXV,  corresponding  to  ^  =  1.2,  A^  =  0.216Z> 

=  0.216  X  (0.833)"  =  0.15   square  feet.     Then    ©.  =  0.15  X  U 

=  0.225  cubic  feet  per  second,  which  makes  Q^=  Q  z=  0.23,  practi- 

<}ally.     The  velocity  V^=  V=  1.5  feet  per  second,  whereas  in  Case  2 

ior  the  24-inch  pipe  V^  =  1.4,  showing  a  small  increase  in  velocity. 

The  wetted  perimeter  being  8  =  1.22>  =  12  inches,  diameter  10 

12 
inches,  entire  circumference  =  31.4  inches,  then  ^--r  X  360®  =  137° 

36'  for  central  angle  subtended  by  wetted  perimeter.  The  versin 
of  depth  of  the  water  area  =  iZ>' -  iZ>'  cos  i  (137"^  36')  =3.19 
inches.  Similarly  for  the  24-inch  pipe  the  depth  of  flowing  liquid 
=  iD-iD  cos  i  (74°  29')  =  12  -  9.55  =  2.45  inches.  We  there- 
fore  have  under  the  same  conditions  of  flow  a  slight  increase  of 
Telocity  and  depth  of  stream,  both  of  which  are  advantageous. 
Neville^s  formula  for  velocity  of  flow  is 

F=  140Vr?-llffi. 

4.1.     u  A       r  A     4.1.       ^1       0.216  X  (0.833)*      .,-. 

r  =  the  hydraulic  mean  depth  ==  5^  =      i  2  x  0  833     " 

i  =  j^gg,  as  before. 
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Substituting  and  reducing,  we  find  F=  1.92  —  0.63  =  1.29  feet  per 
second,  which  is  somewhat  lower  than  found  above,  but  agreeing; 
fairly  well. 

JETS  OF  WATER. 

1160.  It  is  often  desirable  to  know  the  issuing  velocity  of  a 
stream  of  water  flowing  from  a  nozzle  attached  to  the  end  of  the- 
pipe  or  hose.  Knowing  this  velocity  we  can  find  approximately 
the  height  to  which  a  jet  will  rise  when  the  nozzle  is  directed  verti- 
cally upward,  or  the  maximum  height  and  horizontal  distance 
reached  when  inclined  at  any  given  angle  to  the  horizontal. 

Issuing  Velocity  of  Jet. — If  the  nozzle  offered  no  obstruction 
to  the  issuing  stream  of  water,  the  velocity  would  be  that  due  ta 
the  head  at  the  nozzle,  but  there  is  a  loss  of  head  due  to  the  resist- 
ance in  the  nozzle,  which  depends  upon  the  size  and  form  of  the^ 
nozzle.  It  has  been  found  by  experiment  that  for  the  following 
forms  of  nozzle  the  velocity  is  reduced  as  follows: 

For  the  form  of  nozzle  shown  in  Fig.  436  (a)  the  issuing  veloc- 
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ity  is  F=  0.97  X  velocity  due  to  the  head. 

For  the  form  shown  in  Fig.  436  (*),  F=  0.94  X  velocity  due  to 
the  head. 

For  the  cylindrical  nozzle  shown  in  Fig.  436  (c) : 

When  the  diameter  is  |  to  ^  its  length,  F=  0.81; 

i    "  ^  "       '*        F=0.77; 
tV  "  At  ''       ''       F=0.73; 
A  "irV  "       "        F=0.68, 
— multiplied  by  velocity  due  to  the  head. 

This  reduced  velocity  is  that  which  must  be  used  in  finding  the 
leight  of  rise  or  range. 

Neglecting  the  resistance  of  the  air,  a  body  falling  from  a  state 
>f  rest  through  a  distance  A  will  have  acquired  a  velocity  F,  such 

;hat  A  =  r—  =  -^-r-iy  and  if  a  body  be  thrown  vertically  upward  with 
/tg       64.4 
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^n  initial  velocity  V  it  will  rise  to  the  same  height  as  that  from 
which  it  fell  in  the  first.     In  other  words,  the  height  to  which  it 

would  rise  in  vacuo  is  A  =  — -,  V  being  the  issuing  velocity 

1161.  If  the  body  instead  of  being  projected  vertically  upward 
is  thrown  an  angle  less  than  90°  with  the  horizon,  the  body  will 
follow  a  curved  path  rising  to  a  certain  height  and  then  fall  to  the 

same  level  from  which  it  started.    This 

condition  is  indicated   in   Fig.  437,  in 

which   Ox  and   Oy  are  the  co-ordinate 

axes  to  which  the  curved  path  is  referred; 

OA  is  the  direction  in  which  the  body 

^-x  is  projeoted;    d  is    the  angle  between 

OA  and  Ox,  the  horizontal  through  the 

starting-point;  OBC  is  the  curved  path 

•described  by  the  projectile;  and  the  distance  00 on  the  horizontal 

line  is  called  the  range.     Then  it  is  readily  shown  that 

y  =  xtB.n6-^^/^^^^\     ....    (694) 

i/  being  the  vertical  and  x  the  horizontal  co-ordinates  of  any  point 
on  the  curve  OBC,  V  the  velocity  of  projection,  g  =  32.2,  and  ^ 
any  angle. 

Eq.  (694)  shows  that  the  path  of  the  projectile  OBC  is  a  parab- 
ola with  vertical  axis,  touching  OA  in  0. 

To  find  the  range  or  horizontal  distance  OC,  make  y  =  0  in  eq. 
(694),  and  x  will  equal  OC  =  R.    Solving  with  respect  to  x,  we  find 

5  =  a;  =  rrrrr  sin  tf  cos  ft (695) 

16.1 

B 

To  find  the  maximum  rise  above  OA,  ?-  BB,  place  «  =  -5-  = 

F" 

sin  0  cos  ff,  and  solving  with  respect  to  y,  we  find 


32.2 


F"  sin'  0 
y  =  BB  =  h'=~^^. (606) 

The  resistance  of  the  air  prevents  any  actual  projectile  near  the 
earth's  surface  moving  exactly  as  an  unresisted  projectile.  It  will 
more  nearly  conform  to  it  the  slower  the  motion  and  the  heavier 
the  body,  because  the  resistance  of  the  air  increases  with  the 
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Telocity,  and  because  its  proportion  to  the  body's  weight  is  de- 
pendent upon  that  of  the  body's  surface  to  its  weight. 

The  foregoing  relations  would  be  applicable  to  a  jet  of  water 
projected  in  vacuo,  as  for  solid  bodies,  but  for  the  same  and  even 
stronger  reasons  the  formulsB  are  not  applicable  to  a  jet  of  water 
without  the  introduction  of  some  factor,  determined  by  experiment, 
by  which  the  calculation  is  made  as  if  the  initial  velocity  is  less 
than  its  actual  value.    In  Table  LXXXVI  are  found  these  reducing 

factors  for  several  ratios  -j  ,  H  being  the  head  at  nozzle,  and  d  the 

•diameter  of  the  nozzle. 

Table  LXXXVI. 

^  =  200   600   1000   1500   1800   2800   3500   4500 
a 

J=  0.98  0.95   0.92   0.89   0.84   0.77   0.71   0.50 

From  which  it  is  seen  that  the  reducing  factor  J  diminishes  as 
the  ratio  of  the  head  to  diameter  increases. 

PRACTICAL  EXAMPLES. 

1162.  Case  4.  A  jet  of  water  is  issuing  from  a  ^-inch  nozzle 
with  a  velocity  of  90  feet  per  second.  Required  the  height  to  which 
it  will  rise  when  directed  vertically  upward. 

A  velocity  of  90  feet  has  a  head  h  =  — —,  =  125.8  feet:  -r  = 
•^  64.4  '   d 

125.8  feet      125.    X 12 .     ,  „,.  .      „„.  ,  , 

--T-; — r—  = J inches  =  3019.2.    This  number  corresponds 

to  a  value  of  J  between  0.77  and  0.71,  or  say  V  =  0.75.  By  inter- 
terpolation  in  Table  LXXXVI,  F  =  0.75  x  90  =  67.5;  conse- 
quently the  true  height  h  =  -  — -  =  71.2  feet. 

If  a  jet  is  projected  vertically  upwards,  when  no  wind  is  blow- 
ing, the  water  falls  back  on  itself,  still  further  reducing  the 
velocity. 

1163.  Case  5.  If  projected  at  an  angle  of  30°  =  0,  then,  from 

eq.  (695),  the  range  or  horizontal  distance  R  =:  -—  sin  0  cos  0  = 

122.8  feet  =  OC  in  Fig.  437,  and  for  the  maximum  rise  =  BE, 

7i  =  ^  sin'  e  =  17.7  feet. 
64.4 
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And  similarly  for  other  velocities  and  angles  of  elevation. 

1164.  Case  6.  Assuming  a  hose  3  inches  in  diameter  attached 
to  a  fire>plug,  the  following  data  given :  Head  at  fire-plug  =  100 
feet^  length  of  hose  300  feet,  nozzle  end  of  hose  10  feet  higher  than 
plug.  The  nozzle  itself  of  the  form  shown  in  Fig.  436  (a).  Di- 
ameter of  nozzle  1  inch.  Required  the  height  to  which  a  vertical 
or  nearly  vertical  jet  will  rise  above  the  nozzle  end,  and  also  the 
quantity  of  discharge  in  gallons  per  minute. 

Let  V  —  mean  velocity  of  issuing  jet,  and  ^  =  1  inch  be  diame- 

0  Yd* 

ter  of  nozzle;  then  (see  page  1446)  V  =  0.41-~,  Q  =  -—  =  2.44  T. 

The  velocity  due  to  the  head  h  at  the  nozzle  is  T",  =  4^64.4//. 
The  actual  velocity  V  =  0.97  F,  =  0.97  V64.4/i ;  hence  F'  =  60.6/<. 

From  Q  =  2.44  V,  V  =  (^'.    .-.  {^^  ==  60.6A.    Q  '=  360.SA, 

nearly.    From  Table  LXXXI,  for  a  3-inch  pipe,  we  have  j^Q*  = 

92,000,  after  allowing  one  sixth  for  incrustation.    As  yet  we  do 
not  know,  therefore  5^=  100  —  10  —  A  and  L  =  300.    Hence  Q" 

=  92,000 — .    Placing  the  two  values  of  Q^  equal  to 

each  other, 

360.8A  =  92,000^^^  "I^^""*.    .-.  A  =  41.3  feet. 

oOO 

The  ratio  of  h  to  the  diameter  of  the  nozzle  is 

h  .     41.3  X  12  inches 


d  1  inch 


=  495.6. 


From  Table  LXXXVI,  the  factor  /  corresponding  is  about  0.96; 
and  since  F'  =  60. 6A  =  60.6  X  41.3,  we  have 

J,       /A  oA^«  ^"        (0.96)'  X  60.5  X  41.3       ^^  ^  .    ,  , 

A  =  (0.96)''r--r  =  ^ — F:n =  39.0  feet,  nearly, 

64.4  64.4 

as  we  must  make  the  reduced  velocity  0.96  F,  which  is  the  height 
to  which  the  jet  will  rise. 

The  area  of  the  nozzle  being  — j —  =  0.7854  square  inch,. 

0.00545  square  foot,  and  F*  =  60.6  X  41.3  =  2,503,     .-.   F=  50 
feet.     Then   Q=:AxV=  0.00545  X  50  =  0.2725   cubic  foot  per 
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second,  and  in  gallons  per  minute  Q  =  0.2725  X  7.5  x  60  =  122.7 
gallons.  Or,  by  using  the  expression  above,  Q'^  =  360.8A  =  360.8 
X  41.3  =  122.7  gallons  per  minute,  as  before  found. 

1165.  Case  7.  As  an  interesting  and  useful  example,  wc  will 
take  the  following:  Assuming  that  it  is  desired  to  furnish  a  farm- 
house with  a  supply  from  a  distant  point.     The  supply  comes  from 
a  small  reservoir  fed  from  a  spring  or  running  stream.     Unless  the 
spring  or  stream  has  sufficient  flow  to  give  the  full  supply,  the  di- 
mensions of  the  reservoir  must  be  such  as  to  hold  enough  water 
to  snpply  the  deficiency  during  dry  seasons.     When  the  reservoir 
is  thus  supplying  the  deficiency,  the  level  of  its  surface  will  be  con- 
tinuously lowered.     The  water  surface  then  taken  must  be  near  the 
bottom  of  the  reservoir  and  not  at  the  high-water  level.     The  ca- 
pacity of  reservoir  required  can  be  readily  determined  by  ascertaining 
(I)  the  minimum  daily  supply  from  the  spring  or  streani,  (2)  the 
maximum  daily  demand  for  all  purposes  at  the  house;  recollecting 
that  this  demand  will  be  greater  during  dry  seasons,  when  the  sup- 
])ly  is  the  lowest.     The  difference  between  these  two,  daily  supply 
and  daily  demand,  will  give  the  quantity  in  gallons  or  cubic  feet, 
to  be  supplied  from  the  reservoir  per  diem;  to  this  must  be  added 
loss  by  evaporation  and  seepage,  if  any.     This  sum,  then,  multi- 
plied by  60  or  90  days,  or  whatever  time  may  be  considered  necea* 
sary,  will  give  the  number  of  gallons  to  be  stored. 

Mr.  Fanning,  in  his  Treatise  on  Water-supply  Engineering, 
gives  the  following  rates  of  water  consumption,  in  American  cities, 
per  day : 

For  ordinary  domestic  purposes 20  gallons  per  capita. 

"    private  stables 3  "  "  " 

"     commercial  and  manufacturing  pur- 
poses   5  to  15  "  "  " 

"     fountains,  drinking  and  ornamental,  3  to  10  "  "  *« 

^*     fire  purposes 1/10  "  "  " 

**     waste  to  prevent  freezing  during  four 

months , 10  "  "  « 

"     waste  by  leakage,  flushing,  etc 5  "  "  " 

For  evaporation  from  reservoir  surface  from  20  to  30  inches  per 
jiniim.  The  evaporation  will  not  be  considered  further  in  the 
xample  now  under  consideration. 

While  the  above  quantities  may  be  a  proper  basis  of  estimate 
or  cities,  or  even  for  a  single  house,  a  much  more  liberal  supply 
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would  be  advisable  and  desirable  in  the  case  of  a  supply  for  a  single 
establishment. 

We  will  then  take  the  following  quantities,  distances,  etc : 

Distance  from  reservoir  to  stable  along  pipe  lines  (see  Fig.  438). 
Main  pipe  MA  =  5280  feet;  branch  pipe.  • .    .  AB  =  100  feet. 

From  stable  to  houses,  along  main AC  =  500 

Along  house  branch CD  =    50 

From  house  to  fountain  along  main CF  =  100 

Elevation  of  point  of  delivery,  at  stable,  above  main  AK  =    10  " 
"      "      "        "         ''  house,     "        "      CM=    35  " 

"  nozzle  of  fountain  above  main FN  =    10  " 

Kise  of  jet  above  nozzle NT  =    20  ** 

Discharge  at  stable  5  gallons  per  minute. 
"  "  house  5      "         "        " 

Required  the  head  at  each  point,  and  the  height  to  which  the  jet 
will  rise  when  no  water  is  being  supplied  to  house  and  stable. 


Elevation 


I 


I      Bei6f  mi> 


Fountain 


Fig.  48a 

For  a  trial,  assume  the  velocity-head  required  to  give  a  jet  20 
feet  high,  with  a  f  nozzle.  Then  ratio  of  head  to  depth  (see 
Table  LXXXVI) 

_h^_  30  X  12  X  8 
""  fl?  "■  3 


=  960. 


The  reducing  factor  J  in  table  corresponding  to  960  is  about  0.93. 
Substitute  F  =  0. 93i;  in  A  =  ^^  =  ^^^^  ^  ^  =  20,  the  rise  of  the  jet, 

then  V=z  V64.4  X  20  -h  0.93  =  38.6. 

Using  the  form  of  nozzle  shown  in  Fig.  436  (b),  the  issuing  ve- 
locity is  equal  to  0.94  X  the  velocity  due  to  the  head  ;  this  velocity 

jrrrr  =  Trkj  =  ^l-l  ^©©^  P^r  second. 
0.94       0. 94  ^ 


is  then  = 
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The  actual  head  due  to  this  velocity  is  /*'  =       '  ^  =  26.3  feet, 

ich  is  less  than  the  assumed  head  of  30  feet.   For  a  second  trial 

ume  h'  =  26,  -j  =  832,  c7=  0.935.     Substituting  and  reducing 

V 
above,  we  find  F=  38.4,  and  jr-^  =  40.9;  hence  A'  =  25.98 

v.  »/4 

it,  which  gives  a  practical  agreement  with  the  assumed  value 
=  26  feet. 

To  find  the  discharge  Q  =  j-^  (see  page  1446) : 

=  ~-^ -zr,  =  13.2  gallons  per  minute,  or  from 

0.41  X  o 

—  AV  =  ' -7T  X  38.4  X  7.5  X  60  =  13.2  gallons  per  minute, 

4  X  144 

sing  a  f-inch  nozzle,  =  d. 

If  now  we  assume  an  elevation  at  the  reservoir  of  120  feet  above 
le  lowest  point  A  of  the  main,  we  can  proceed  to  determine  the 
iameter  of  the  pipes.  The  approximate  or  trial  method  will  be 
dopted.    Assuming  then  the  following  diameters  (see  Fig.  438) : 

From  jB  to  ^  a  3^  inch  pipe;    length  =  5280  feet; 
"     ^  to  C  a  2       "       "  "       =    500    « 

*'      Otoi^'ali     "       ''  «       =    100    *' 

The  following  quantities  of  water  are  required  at  the  ends  of 
hese  sections : 

At  A,  gallons  per  minute  =  13.2  +  54-5  =  23.2 
''  (7,  "  "  ''  =  13.2  +  5  =  18.8 
"  F,        "       "        "       =  13.2 

For  loss  of  head  between  R  and  A, 

^Q'  =  ''''  y^^-^)'  =  308,000, 

number  in  Table  LXXXI,  corresponding  to  3i-inch  pipe.    Hence 
//.=  13.7'. 

From  A  to  C,  number  in  table  corresponding  to  a  2-inch  pipe 
=  10,200;  hence  ^6'  =   ^^  X  (18.2)'^  ^^^^^^    ^^^  ^  _  ^^^^ ^^^^ 

loss  of  head  in  pipe  AC. 
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Similarly  in  CF 
L_^,  =  ^QQ  X^13.2)'  ^  ^^^^    .-.   jBr'  =  21.5  feet,  loss  of  head. 

Then  recollecting  that  the  nozzle  of  the  fountain  is  10  feet 
above  F,  the  head  at  the  nozzle  will  be 

120  -  13.7  -  16.2  -  21.5  -  10  -  10  =  48.6  feet  =  A. 

The  corresponding  velocity  F=  ^^48. 6  X  64.4  =  55.9  feet 
per  second.     The  issuing  velocity  V  =  0.94  X  55.9  =  52.5. 

The  reducing  factor  /  has  already  been  found  =  0.935.    Hence 

height  of  jet  =  A'  =  — — ^y-7 — '—^  =  37.1  feet,  whereas  only  a 

jet  of  20  feet  rise  is  called  for.  No  account  has  been  taken  of  the 
minor  losses  of  head,  which  may  or  may  not  be  of  moment. 

A  recalculation  could  be  made  on  somewhat  smaller  pipes,  con- 
suming more  head  in  friction,  etc.,  thereby  saving  something  in 
the  cost;  or  the  reservoir  might  be  located  at  a  somewhat  lower 
level,  resulting  in  a  shorter  main  pipe  AC. 

But  let  us  see,  as  matters  stand,  what  sizes  of  pipe  are  re- 
quired from  the  main  to  the  house  and  stable.  The  head  at  the 
point  J^  is  48.6  +  10  =  58.6,  the  loss  of  head  between  ^and  C  is 
31.5  feet.  Therefore  the  head  at  (?  =  58.6  +  21.5  =  80.1  feet,  the 
point  of  delivery  for  the  house  pipe  is  25.0  feet  above  the  main; 
hence  the  head  is  80,1  —  25.0  =  55.1  feet  =  H,  and  Q  =  b.    Then 

L  75  X  25 

TfG'.  =      "fr  —  =  34.0,  which  corresponds  to  f  or  }  inch  pipe, say 

standard  size  |  inch  (see  Table  LXXXI). 

If  we  change  sizes  of  pipes  or  height  of  reservoir  to  bring  the 
rise  of  the  jet  to  20  feet,  the  head  at  F  becomes  26  +  10  =  36.0  ft, 
36  +  21.5  =  57.5  feet  at  C,  57.5  -  25.0  =  32.5, 

Ao«-Z^^?5-570 
H^  -      32.5      ~^'-"' 

corresponding  to  a  |-inch  or  nearest  standard  1-inch  pipe. 

The  head  at  A  is  80.1  +  10  +  16.2  =  106.3  feet,  or  subtracting 
10,  the  rise  to  the  point  of  delivery  K,  96.3  feet;  then 

corresponding  to  a  {-inch  pipe  (see  Table  LXXXI). 
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When  no  water  is  being  supplied  to  the  house  or  stable  the  loss 
lead  will  be  somewhat  less,  and  the  jet  will  be  still  higher.  The 
ply  of  water  will  now  be  only  that  required  at  the  fountain.  To 
)erfectly  accurate,  as  the  issuing  velocity  will  be  increased,  the 
harge  will  be  somewhat  greater  than  13.2,  but  we  will  make  the 
ulation  on  the  basis  of  13.:^  gallons. 

Then  loss  of  head  from  JB  to  -4  =  —        \    '      =  4.4  feet; 

"       «    «     "        "     A  to  0=10  +  ^%^  J^^'^^'  =  18.5  ft., 

from  (7  to  iV  the  same  as  before,  21.5  +  10  =  3L5  feet,  and 
i  at  nozzle  120  —  54.4  =  65.6  feet;  then 

h'  ^  65.6X12X8  ^  ^^gg^ 
a  o 

esponding  in  Table  LXXXVI  to  J  =  0.83.     Then 

20  =  ^^-^^^^';     .-.    V  =  V^O  X  64.4  -H  0.83  =  43.3, 
64.4 

ing  velocity  =  43.3  -4-  0.94  =  40.7. 

Rise  of  jet  =  ^--^i^  =  33.0  feet. 
"  64.4 

40.7  X  3' 
Discharge  =      '        ^^  =  ^^.O  gallons  per  minute. 

U.4:l  X  o 

Such  problems  can  be  varied  to  any  extent. 
With  purely  empirical  formulae  and  uncertain  values  of  con- 
its,  it  would  seem  useless  to  resort  to  the  long  and  tedious 
ulations  required  by  many  if  not  all  of  the  formulaa.  The  trial 
approximate  methods  and  results  are  probably  as  accurate  as 
Id  be  obtained  by  the  more  complicated  formulae.  These  should 
3hecked  at  some  stage  of  the  calculation,  using  what  are  pur- 
ted  to  be  the  most  accurate  methods  and  formula. 

SHIP-RAILWAYS. 

1166.  A  ship-railway,  as  its  name  implies,  is  a  railway  con- 
cted  in  such  manner  and  with  such  terminal  machinery  and 
liances  that  a  loaded  vessel  can  be  lifted  bodily  out  of  the 
er  at  one  terminus,  comfortably  and  safely  supported  on  cars 
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or  cradles,  transported  on  tracks  to  the  other  terminus,  and 
lowered'  into  the  second  body  of  water. 

Space  forbids  more  than  a  brief  allusion  to  this  proposed  sub- 
stitute for  ship-canals. 

As  in  man}'  other  grand  conceptions,  projects,  and  actual  con- 
structions, Captain  James  B.  Eads  stands  either  as  their  originator 
or,  at  least,  the  first  to  carry  them  to  a  point  of  assured  success  or 
to  final  completion.  While  his  great  ship-railway  scheme  has 
never  been  carried  out,  there  is  but  little  doubt  that  had  he  liTed, 
it  would  have  been  constructed,  if  not  on  the  exact  line  proposed, 
at  some  other  location.  As  an  evidence  of  this  fact  there  is  now 
under  construction  the  Chignecto  Ship-railway,  between  the  Gulf 
of  St.  Lawrence  and  the  Bay  of  Fundy.  This  work  was  com- 
menced in  1888,  and  is  now  about  three-fourths  completed.  The 
basin  is  500  X  300  feet,  with  gate  60  feet  wide  and  30  feet  high. 
The  lifting-dock  is  230  X  CO  feet,  of  first-class  masonry,  containing 
twenty  hydraulic  presses,  with  40  feet  lift  over  a  gridiron  or  cradle. 
The  vessel  and  cradle  rest  on  wheels,  by  which  the  load  is  distrib- 
uted over  the  rails.  The  weight  to  be  lifted  is  3500  tons,  includ- 
ing that  of  the  cradle  and  loaded  vessels  of  2000  tons  displacement 

The  railway  is  double-tracked,  seventeen  miles  long,  level  and 
straight;  the  heaviest  gradient  is  1  in  500;  rails  of  steel,  110  pounds 
per  linear  yard.  The  vessel  is  carried  over  the  track  on  the  same 
cradle  used  in  lifting  it  out  of  the  water.  Two  locomotives  are  to 
be  used,  and  the  speed  intended  is  ten  miles  per  hour.  Time  re- 
quired in  lifting,  transporting,  and  lowering  the  vessel  is  two  hours. 
The  traffic  is  estimated  at  12,000,000  tons  annually. 

The  following  description  of  the  proposed  Tehu  an  tepee  Ship- 
railway  is  taken  from  the  Engineering  NeivSy  February  14, 1885: 

THE  TEHUANTEPEC   SHIP-RAILWAY. 

1167.  For  the  illustrations  accompanying  the  following  sketch 
of  this  proposed  ship-railway  from  the  Atlantic  to  the  Pacific  we 
are  indebted  to  the  officers  of  the  company;  they  were  engrave<l 
by  and  first  issued  in  the  Scientific  Americaji  of  Dec.  27,  18S4. 
The  description  is  condensed  from  data  supplied  by  the  company 
and  from  London  Engineeriiiy. 

The  Isthmus  of  Tehuantepec  lies  immediately  southwest  of  the 
promontory  of  Yucatan,  and  is  the  narrowest  part  of  the  Isthmus 
of  Mexico.    A  line  drawn  between  the  two  termini  of  the  proposed 
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railway  is  almost  dne  north  and  south.  The  ground  has  often 
been  surveyed  with  the  idea  of  cutting  a  canal,  and  notably  in 
1774,  by  Don  Augustin  Cramer;  in  1824,  by  Don  Tadeo  Ortiz  and 
Don  Juan  de  Orbegoso;  in  1842-43,  by  Seflor  Moro;  and  in  1852, 
by  Mr.  J.  J.  Williams,  on  the  part  of  the  Tehuantepec  Railway  of 
New  Orleans.  This  last  engineer  is  associated  with  the  present 
project,  and  several  of  his  colleagues  have  been  engaged  in  previous 
4indertakings  in  the  same  neighborhood.  The  concession  granted 
to  Mr.  Eads  gives  a  right  of  way  across  the  country  about  one 
quarter  of  a  mile  in  width,  upon  which  he  may  construct  a  ship- 
railway  and  a  line  of  telegraph.  He  also  enjoys  a  free  right  of 
way  on  public  lands;  exemption  from  all  duties  on  ships,  passen- 
gers, and  merchandise  in  transit;  free  importation  of  all  materials 
required  for  the  railway;  exemption  from  all  taxes  and  contribu- 
tions on  capital  stock  and  property;  a  grant  of  1,000,000  acres  of 
public  lands;  and  a  guarantee  of  protection  by  the  military  and 
naval  forces  of  the  country  without  expense.  The  terminus  of  the 
railway  on  the  north  is  on  the  banks  of  the  Coatzacoalcos  River,  at 
the  town  of  Minatitlan,  about  twenty-five  miles  from  the  month 
of  the  river.  This  is  a  broad,  deep  stream,  and  requires  imprx)ve- 
ment  by  artificial  means  only  at  one  point.  At  the  mouth  of  the 
river  is  a  bar  formed  by  deposit,  and  this  it  is  designed  to  deepen 
by  jetties  similar  to  those  at  the  mouth  of  the  Mississippi.  There 
is  now  about  15  feet  of  water  over  the  bar.  The  line  ascends  bv 
easy  gradients  of  42  feet  to  the  mile  over  the  Atlantic  plains  for 
about  35  miles.  It  then  enters  a  gently  undulating  table-land, 
from  which  it  passes  by  a  series  of  broad  valleys  to  the  summit- 
level,  the  Tarifa  plains,  725  feet  above  the  sea.  The  descent  from 
this  point  to  the  Pacific  plains  has  a  uniform  grade  of  1  in  100,  and 
requires  three  deflecting  turntables,  since  curves  of  less  than  20 
miles  radius  are  inadmissible  from  the  form  of  the  carriage,  as  will 
be  seen  later  on.  From  the  base  of  the  mountains  tb  the  Pacific 
terminus  the  line  extends  over  a  nearly  level  country,  the  station 
being  either  at  Salina  Cruz  or  on  one  of  the  lagoons,  as  may  be 
found  convenient.  The  climate  of  the  countr}'  is  quite  salubrious, 
and  the  surveying  parties  have  been  at  work  there  for  seventeen 
months,  part  of  them  in  the  rainy  season,  without  any  sickness. 
The  entire  line  has  been  carefully  and  conscientiously  surveyed 
under  the  direction  of  E.  L.  Corthell,  C.E.,  formerly  in  charge  of 
the  construction  of  the  South  Pass  jetties,  and,  later,  Chief  Engi 
neer  of  the  West  Shore  Railroad,  and  Martin  Van  Brocklin,  Resi- 
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dent  Engineer  on  the  iBthmns.  As  a  coneeqnence,  safficJent  data 
ia  at  hand  to  enable  a  reliable  estimate  of  cost  to  be  mode,  and  the 
means  of  overcoming  possible  obstacles  to  be  well  studied,  and  the 
difficulties  of  the  way  provided  for.  To  further  illustrate  and 
practically  demonstrate  the  novel  problem,  an  elegant  working 
model,  too  large  to  be  regarded  as  a  toy,  was  made  for  Mr.  Eads 
by  the  Messrs.  Holtzapffel  &  Co.,  of  London.  In  this  model  the 
steamer  itself  is  7^  feet  long,  and  the  cur,  dock,  and  basin  in  pro- 


FiG,  445.— The  Tnteboceanic  Ship  Railway — Thk  Floating  Turntablk. 
portion.  From  this  model,  while  on  exhibition  in  New  York,  the 
present  engravings  were  made. 

We  have  already  described  the  details  of  the  working  of  this 
ship-railway,*  but  we  reproduce  this  description  from  the  text 
accompanying  the  original  engraving. 

*  In  a  preceding  uumber  of  Eng.  A<tM. — Author. 
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The  pontoon  or  floating-dock  (see  Figs.  439  to  442)  is  of  the 
same  general  construction  as  those  in  use  all  over  the  world,  save 
in  some  important  modifications^  rendered  necessary  to  fit  it  for 
its  special  work.  For  it  is  not  enough  that  the  vessel  should  be 
docked  and  lifted  out  of  the  water,  but  that  it  shall  be  caused  to 
rest  upon  a  cradle  in  such  a  manner  that  its  weight  shall  be  equal- 
ized fore  and  aft,  and  thus  enable  the  carriage  with  its  loud  to 
move  easily  and  safely.  This  is  effected  by  means  of  a  system  of 
hydraulic  rams  arranged  aloug  an  intermediate  deck,  about  6  feet 
below  the  upper  deck  of  the  pontoon.  (See  Fig.  440.)  The 
arrangemeut  of  the  rams  is  in  both  lateral  and  longitudinal  lines, 
the  former  standing  a  little  less  than  7  feet  apart,  the  one  from  the 
other.  The  area  of  the  combined  rams  in  each  lateral  line  is  the 
same;  the  area  of  the  one  ram  under  the  keel  forward  or  aft  is 
equal  to  the  area  of  the  five  or  seven  rams  amidships.  They  may 
be  couuected  and  made  to  work  in  unison,  so  that  the  same  press- 
ure per  square  inch  of  surface  of  the  rams  will  exist  throughout 
the  whole  system,  or  they  may  be  disconnected  by  valves,  so  that  a 
greater  pressure  may  be  brought  upon  the  rams  in  a  certain  section 
or  on  a  certain  line. 

It  is  no  part  of  the  duty  of  these  rams  to  lift  the  vessel.  They 
are  designed  only  to  resist  its  weight  as  it  gradually  emerges  from 
the  basin.  Thoy  get  their  power  from  a  powerful  hydraulic  pump 
placed  on  a  tower  affixed  to  the  side  of  the  pontoon,  and  rising  and 
sinking  with  it,  but  of  such  a  height  that,  even  when  the  pontoon 
rests  upon  the  bottom  of  th^dock,  it  is  not  entirely  submerged. 
The  pontoon  itself  is  directed  by  powerful  guides,  which  cause  it 
to  descend  and  emerge  from  the  water  always  in  the  same  position. 

A  ship  having  entered  the  mouth  of  the  Goatzacoulcos  £iver, 
on  the  Atlantic  side,  and  come  up  to  the  basin,  the  carriage  with 
its  cradle  is  run  on  to  the  floating  dock,  when  water  is  let  into  the 
compartments  of  the  pontoon,  and  dock  and  cradle  gradually  sink 
to  the  bottom.  Then  the  ship  is  brought  in  from  the  exterior 
basin,  and  so  adjusted  as  to  position  that  her  keel  will  be  immedi- 
ately over  the  continuous  keel-block  of  the  cradle,  and  her  centre 
of  gravity  over  the  centre  of  the  carriage.  The  water  is  then 
pumped  out  of  the  submerged  pontoon  in  the  manner  employed  in 
floating-dock  systems,  and  it  rises  gradually,  bringing  the  cradle  up 
under  the  ship's  hull  (see  Fig.  440).  As  soon  as  the  keel-block  of 
the  cradle  is  close  to  the  ship's  keel,  the  hydraulic  pump  is  called 
into  action,  and  pushes  up  the  pendent  rods  and  posts  of  the  sup- 
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ports  gently  against  the  vessel^  closely  following  the  lines  of  her 
hull  and  the  run  of  the  bilge.  The  pressure  upon  the  rams  increases 
S8  the  vessel  emerges  from  the  water^  but  the  water-pressure  under 
them  being  prevented  from  escaping  by  the  closing  of  the  valves, 
"the  ship's  weight,  when  she  stands  clear  of  the  water,  is  borne  by 
the  rams  by  means  of  the  supports. 

In  the  case  of  a  ship  weighing  five  thousand  tons,  each  of  the 
fifty  lines  of  rams  would,  of  course,  be  called  to  sustain  a  burden 
of  exactly  one  hundred  tons;  and  these  lines  being  placed  at  equal 
distances  the  one  from  the  other,  it  will  readily  be  seen  that  each 
unit  of  the  ship's  weight  is  equally  distributed.  The  weight  and 
displacement  of  the  vessel  is  learned  from  the  pressure-gauge  on 
the  hydraulic  pump. 

The  vessel  being  clear  of  the  water,  hand-wheels  or  adjusting- 
nuts  that  move  in  threads  cut  in  the  columns  of  the  supports  are 
run  down  to  the  bearings  in  the  girder  plates,  whereupon  the  valve 
is  opened  and  the  rams  withdrawn,  leaving  the  girders  to  support 
the  weight  of  the  ship.  Now  each  girder  has  the  same  number  cf 
wheels,  and,  as  described  above,  bears  its  just  proportion  of  weight 
and  no  more;  hence  each  of  the  multitude  of  wheels  under  the  car- 
riage is  called  upon  to  bear  the  same  weight.  This  weight  has  been 
•calculated  to  be  only  from  eight  to  nine  tons,  though  tested  to 
twenty. 

One  of  the  many  ingenious  contrivances  in  the  scheme  is  the 
"  hydraulic  governor,''  so  called,  and  by  which  the  uneveuness  of 
the  plane  of  the  pontoon,  when  it  comes  to  the  surface  with  its 
load,  can  be  readily  corrected.     This  apparatus  is  thus  described: 

"  Two  cylinders  are  attached  to  each  corner  of  the  dock,  one 
being  upright  and  the  other  inverted.  Plungers  attached  to  the 
pontoons  move  in  them.  These  two  cylinders  are  connected  by  pipes, 
and  all  spaces  in  the  cylinders  and  pipes  are  filled  solid  with  water. 
As  the  pontoon  rises,  the  water,  forced  out  of  one  cylinder  by  the 
ascending  plunger,  is  forced  into  the  inverted  cylinder  on  the  diag- 
onal corner  where  the  plunger  is  being  withdrawn.  Now,  if  there 
is,  say,  one  hundred  tons  preponderance  on  one  end  of  the  pontoon, 
one  half  this  weight,  or  fifty  tons  pressure,  will  be  exerted  by  each 
plunger  on  that  end  upon  the  water  in  its  cylinder.  This  pressure 
is  instantaneously  transmitted  through  the  pipes  to  the  water  in 
the  top  of  the  upright  cylinder  in  the  opposite  diagonal  corner, 
which  acts  with  the  same  amount  of  pressure  bs  a  water-plunger 
upon  the  metal-plunger  to  hold  it  down;  thus  an  equilibrium  is 
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aintained,  and  the  pontoon  compelled  to  rise  and  fall  perfectly 
vel.  It  is  possible^  by  aid  of  a  pressare-gange  attaclied  to  tho: 
pes,  to  ascertain  the  exact  amount  of  the  excess  of  weighty  so  that^ 
lould  this  gauge  show  too  great  a  preponderance^  the  pontoon 
ust  be  lowered  and  the  ship  placed  in  a  new  position/^ 

The  pontoon  cannot  elevate  the  rails  on  its  deck  alcove  what 
ould  be  a  prolongation  of  the  rails  ashore,  because  of  the  heads  of 
16  anchor-bolts  or  guiding-rods,  and  these  will  also  prevent  any 
pping  of  the  pontoons  wheii  the  ship-burdened  cradle  is  moving 
L  The  carriage,  with  its  cradle,  which  comes  up  upon  the  sub- 
erged  dock,  is  calculated  to  hold  a  ship  even  more  firmly  than 
le  launching  cradle  used  at  the  ship-yards,  with  its  shores  and 
ays.  This  carriage  moves  upon  six  rails,  three  standard -gauge 
acks  each  of  4  feet  S^  inches.  Ships  themselves  are  girders,  and 
ust  of  a  necessity  be  so,  from  stem  to  stern,  because  in  the  tem- 
istuous  seas  in  which  they  are  designed  to  roam,  the  one  part  ia 
»nstantly  being  called  upon  to  support  the  other;  now  her  bow 
ojects  over  a  great  billow  with  nothing  under  to  support  it,  and 
;ain  she  is  poised  upon  a  huge  wave,  leaving  the  midship  section 
support  in  great  measure  both  the  bow  and  the  stern,  and  were, 
e  not  constructed  as  a  girder  fore  and  aft,  her  back  would  he, 
oken  in  the  first  big  sea  she  encountered.  Comprehending  this„ 
e  designers  of  the  ship-carriage  make  its  strength  reach  its  maxi* 
um  in  the  cross-girders,  which  are  spaced  like  the  lateral  lines  of 
e  rams  already  described;  that  is  to  say,  7  feet  apart,  and  having 
fficient  depth  and  material  in  their  plates  to  insure  an  equal 
posit  of  weight  upon  all  the  wheels.  These  latter  are  double- 
,nged  and  are  placed  close  together,  each  being  hung  indepen- 
ntly  on  its  own  journals,  and  having  its  own  axle.  Under  an 
dinary  railway  car  the  four-  or  six-wheel  trucks  move  together 
out  a  central  pin.  But  in  the  ship-carriage,  which  is  not  designed 
move  off  from  an  almost  straight  line,  this  is  not  required,  and 
eater  strength  is  obtained  by  adhering  to  the  rigid  principle; 
isticity  being  had  by  placing  a  powerful  spring  over  each  wheeL 
lese  springs  will,  as  said  before,  bear  a  weight  of  twenty  tons  and 
ve  a  vertical  movement  of  about  6  inches,  while  the  maximum 
nght  they  will  be  called  upon  to  bear  will  not  depress  them  more 
an  three  inches,  and  allow  for  crossing  irregularities  without 
inging  an  undue  weight  upon  the  wheels. 

There  is  also  a  system  of  supports  for  the  vessel,  each  having* 
justable  surfaces  hinged  to  the  top  of  the  supports  by  a  toggle-. 
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joint  in  such  a  way  that  they  may  be  made  to  closely  follow  erery 
depression  and  yield  easily  to  every  protuberance  or  bulging.  They 
pierce  the  girders  of  the  carriage,  and  are  exactly  pendent  orer  the 
hydraulic  rams  when  the  carriage  is  on  the  pontoon  and  rests  in  its 
proper  position.  Thus,  as  will  be  seen,  the  ship  when  crossing  the 
Isthmus  jests  upon  what  might  be  called  a  cushion,  and  indeed 
nhe  will  have  experienced  far  rougher  treatment,  both  in  the 
Atlantic  and  Pacific  under  only  ordinary  conditions  of  weather, 
than  that  had  while  in  transitu  by  rail  across  the  Isthmus. 

As  said  before,  the  road  is  designed  to  be  almost  exactly  straight, 
since  there  will  be  no  curves  having  a  radius  of  less  than  twenty 
miles,  for  the  carriage  is  four  hundred  feet  long,  and  rests  upon 
wheels  which,  as  already  explained,  are  not  set  on  trucks  swinging 
to  a  common  centre.  There  are  only  five  places  in  the  whole  line 
where  it  is  necessary  to  deviate  from  a  straight  line,  and  at  each  of 
these  places  a  floating  turntable  (see  Figs.  443,  444  and  445)  will 
be  built.  These  turntables  in  design  resemble  pontoons,  for  they 
rest  upon  water,  and  will  be  strong  enough  to  receive  the  carriage 
and  its  burden.  The  turntable  pontoon  will  be  firmly  grounded, 
when  the  carriage  is  run  upon  it,  by  the  weight  of  water  upon  the 
circular  bearers  of  the  basin. 

The  water  is  pumped  out  by  a  powerful  centrifugal  pump,  the 
water  being  emitted  through  an  opening  in  the  cylindrical  pivot  of 
the  pontoon  and  discharged  into  the  basin.  Now,  the  pontoon  has 
been  made  sufhciently  buoyant  to  be  turned  easily  upon  its  pivot 
by  steam-power,  and  the  ship-carriage  is  quickly  pointed  in  its  new 
direction.  The  valves  then  permit  the  water  to  enter  once  more, 
and  the  pontoon  turntable  again  rests  on  its  bearings.  These  turn- 
tables may  be  made  to  serve  another  purpose.  By  their  means  a 
ship  can  be  run  off  on  a  siding,  so  to  speak,  where  she  can  be  scraped, 
painted,  coppered,  calked,  or  otherwise  repaired  without  removal 
from  her  cradle,  and  thus  be  saved  the  heavy  expense  of  going  on  a 
dry-dock. 

The  locomotives  for  hauling  the  ship-carriage  over  the  Isthmian 
Railway  will  not  differ  from  those  in  ordinary  use.  The  big  freight- 
engines  of  the  day  have  no  difficulty,  as  we  know,  in  drawing 
freight  trains  of  a  total  of  two  thousand  tons;  and  as  the  ship-car- 
riage moves  along  three  tracks  it  would  be  easy,  if  such  a  course 
were  necessary,  to  place  three  locomotives  in  front  of  it  and  three 
behind.  The  time  estimated  for  crossing  from  ocean  to  ocean  is 
only  sixteen  hours. 
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Accepting  the  engineering  features  of  the  scheme  aa  feasible, 
and  they  have  been  approved  by  some  of  the  best  engineering  and 
naval  experts  of  England  and  America,  the  next  point  to  be  consid- 
ered is  the  cost  of  construction  and  the  future  success  of  the  project 
from  a  commercial  or  dividend-paying  standpoint. 

As  we  have  said  before,  there  is  reliable  data  upon  .which  to 
figure  the  cost  of  the  Eads  railway,  and  experts  estimate  the 
expenditure  required  at  $60,000,000,  or  at  $75,000,000  at  the 
utmost.  In  this  point  of  ultimate  cost  the  plan  of  Mr.  Eads 
differs  widely  from  the  schemes  of  some  of  his  competitors,  notably 
the  Nicaragua-canal  project,  where  the  estimates  range  from 
$40,000,000  to  $140,000,000,  and  none  of  these  are  based  upon 
reliable  engineering  information. 

In  comparing  the  ship-railway  with  a  canal  with  locks,  or  even 
at  sea-level,  the  advantage  lies  with  the  former.  Speed  in  transit 
is  the  measure  of  the  commercial  success  of  any  scheme  for  passing 
from  one  ocean  to  the  other.  The  plan  by  which  the  greatest  num- 
ber of  vessels  can  be  safely  transported  in  a  given  time  and  with 
the  least  tonnage-tax,  due  cost  of  construction,  wi]l  be  the  one 
selected  by  the  owners  of  vessels.  The  speed  of  ships  through  the 
Panama  Canal  is  put  down  at  2^^  miles  per  hour,  but  the  railway 
can  carry  them  over  10  miles  in  the  same  time,  once  the  vessel  is 
on  its  cradle.  The  roadway,  necessarily  well  built  in  the  beginning, 
will  require  less  expenditure  comparatively  than  any  canal,  with 
the  liability  to  the  latter  of  damage  by  flood  or  the  filling  of  the 
channel  from  the  side-washing  in  the  rainy  season.  As  the  ratio  of 
paying  cargo  to  dead  load  would  be  so  much  in  excess  of  that  on  an 
ordinary  railroad,  the  operating  expenses  should  be  correspondingly 
decreased;  and  conservative  estimates  put  the  current  estimates 
and  cost  of  maintenance  at  50  per  cent  of  the  gross  receipts,  while 
others  figure  it  as  low  as  40  per  cent. 

As  to  probable  business  across  the  Isthmus,  the  Paris  Inter- 
oceanic  Canal  Congress  of  1879  estimated  the  gross  tonnage  at 
7,250,000  tons  in  1889.  Assuming  6,000,000  tons  as  a  safe  basis  of 
estimate,  and  a  tonnage-tax  of  only  $2.00,  and  deducting  50  per 
cent  for  operating  expenses,  there  remains  a  net  profit  of  $6,000,000 
or  8  per  cent  on  $75,000,000;  at  $3  per  ton,  the  net  profit  as  above 
would  be  12  per  cent.  While  all  estimates  on  the  financial  future 
of  any  project  involving  so  large  an  outlay  must  be  more  or  less 
unreliable,  there  certainly  seems  a  sound  basis  for  this  one  when 
we  consider  the  great  success  achieved  at  Suez,  where  the  dividend 
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in  1882  was  17  per  cent  and  the  owners  look  with  confidence  for  30 
per  cent  in  1890. 

TJ.  S.  Engineer  Improvement  of  the  Great  Kanawha  River, 
West  Virginia.— Description  with  Detailed  Drawings 
OF  Look  and  Dam  No.  2. 

1168.  The  completed  improvement  of  the  Great  Kanawbu 
Kiver>  as  proposed,  will  consist  of  ten  locks  and  dams,  carrying  the 
slack  water  from  the  mouth  of  the  river  to  the  foot  of  Lonp  Creek 
Shoal,  a  distance  of  90^  miles.  Eight  of  these  dams,  or  all  but  the 
two  upper  ones,  are  '^  movable,^'  being  kept  up  in  low  and  down  in 
medium  and  high  stages  of  the  river.  The  two  upper  (numbered 
Lock  No.  2  and  Lock  No.  3  on  the  profile)  are  fixed  or  stationary 
dams. 

A  profile  of  the  whole  river,  with  tables,  etc.,  showing  the  rela- 
tive locations  of  all  of  the  locks  and  dams,  with  general  references 
and  description  of  each,  is  shown  on  the  drawings. 

LOCK  and  dam  no.  2. 

No.  2,  as  shown  by  the  profile  and  explained  above,  is  the  up- 
permost lock  and  dam  on  the  river.  It  is  85  miles  from  the  mouth 
and  27  miles  above  Charleston.  The  building  of  the  lock,  or  of  the 
coffer-dam  to  inclose  it,  was  begun  in  July,  1883.  The  lock  and 
dam  were  completed  and  put  in  operation  in  December,  1887. 

Foundations. — The  works  all  rest  on  solid  rock— a  hard,  medium- 
grained  sandstone,  found  from  12^  to  14^  feet  below  extreme  low- 
water  mark.  The-  general  character  and  depth  of  the  river  bed  and 
bank  material  is  shown  by  the  original  cross-section  on  Fig.  449. 

THE  LOCK. 

General  Description. —The  lock  is  308  feet  long  between  quoins 
(377  feet  from  out  to  out  of  masonry),  and  is  50  feet  wide  in  cham- 
ber at  level  of  mitre-sills.  The  top  of  coping  is  uniformly  31  feet 
above  lower  mitre-sill,  and  from  H7  to  39  feet  above  foundations. 
The  upper  mitre-sill  rests*  on  head-bay  walls,  11  feet  above  the 
lower  sill. 

The  maximum  lift  of  the  lock  is  12  feet. 

Filling  and  Discharge  Valves, — The  lock  is  filled  by  eight 
wronght-iron  valves,  each  5  feet  by  2^  feet  area,  set  horizontally  iu 
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ought  frames  in  the  platform  of  head-bay.    They  are  manceuvred 
pairs  with  endless  chains  and  capstans. 

The  discharge-valyes  are  in  the  lower  gates,  five  valves  in  each 
i.  A  culvert  was  built  through  the  river  wall  at  the  lower 
be    recess,    for    use    with    a   "Stoney^^  valve  or   like    device, 

case  additional    discharge-way  should  ever  be   needed.     This 
I  vert   has   never   been  used,  but   is   stopped,  as   shown,  by  a  . 
mk  bulkhead. 

The  lock  has  been  in  operation  now  over  four  years,  and  the 
rking  of  the  valves  has  been  very  satisfactory.  The  filling-valves 
J  easily  and  rapidly  manoeuvred ;  one  man  by  a  turn  and  a  half  of 
3  capstan  easily  opens  two  connecting  valves  in  7  seconds.  They 
ve  never  been  out  of  order,  and  there  is  no  noticeable  leakage 
3ut  the  valves  or  any  part  of  the  head-bay. 

The  lock  is  filled  or  emptied  at  maximum  lift  in  4  minutes, 
^amboats  without  tows  are  locked  either  way  in  from  6i  to  8 
nutes. 

Head-bay  Trestles. — Six  heavy  movable  iron  trestles  are  placed 
the  head-bay,  anchored  to  the  upper  cross-wall,  and  connected, 
en  standing,  by  I  beams.  In  case  of  an  accident  to  the  gates,  or 
enever  needed  for  repairs,  the  trestles  will  form  the  support  of  a 
n,  made  either  of  scantlings  (Poir6e  needles)  resting  against  the 
per  cross-sill  and  connecting  beams,  or  of  plank  placed  horizon- 
ly  against  the  trestles. 

Lock-gates, — The  gates  are  of  white  oak,  built  without  heel  or 
bre  posts,  the  main  beams  running  through  and  the  ends  and 
itres  made  solid  by  filUng-blocks,  assembled  with  bolts  and  keys 
shown.  They  are  suspended  at  heel  on  steel  gudgeons,  and  at 
)  by  fastenings  and  anchorage  all  below  level  of  coping.  The 
charge-valves  in  the  lower  gates  are  manoeuvred  by  racks  and 
lions,  and  the  gates  themselves  by  spars  and  capstans,  as  shown, 
le  material  for  the  gates  was  procured  by  contract,  Ainslie,  Coch- 
1  &  Co.,  of  Louisville,  Ky.,  furnishing  the  ironwork,  and  W.  D. 
wis,  of  Maiden,  W.  Va.,  the  timber.     They  were  built  and  hung 

hired  labor.     The  cost  of  the  gates  complete  was  17965. 

Quantities  and  Prices. — The  lock,  with  the  exception  of  the 
bes  and  ironwork  and  the  three  upper  guide  cribs,  was  built 
der  two  contracts,  there  not  being  funds  available  at  first  to  con- 
ict  for  all  of  the  masonry.  The  first  contract,  made  in  June, 
B3,  with  Mr.  Frank  Hefright,  of  Huntingdon,  Pa.,  embraced  the 
isonry,  including  excavation,  coffer-dams,  etc.,  up  to  the  level  of 
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the  upper  mitre-sill.  The  second,  dated  February  27, 1885,  with 
Chas.  H.  Strong  &  Sou,  of  Cleveland,  Ohio,  covered  the  completion 
of  the  lock,  except  the  gates.  Both  contracts  included  the  furnish- 
ing of  everything,  except  the  irons  built  into  or  attached  to  the 
masonry;  these  were  supplied  by  the  United  States  and  put  in 
place  by  the  contractor. 

The  quantities  and  prices  in  the  two  contracts  are  given  in  the 
table  on  the  opposite  page. 

THE  DAM. 

The  dam,  shore  abutment,  etc.^  are  shown  in  Figs.  447  and  454. 
The  dam  is  a  squared  timber — white  oak,  crib  filled  with  stone.  It 
is  524  feet  long;  average  height  from  bed-rock  to  crest  about  26  feet 
The  front,  from  an  elevation  of  2.75  feet  above  minimum  surface  of 
lower  pool,  is  built  in  steps.  The  back  is  vertical  to  within  3  feet 
of  top  and  then- sloped,  3  feet  to  11,  to  crest.  The  width  on  the 
bottom  and  up  to  first  step  is  38  feet.  The  dam  is  sheathed  at  the 
back  15  feet  down  from  the  top  and  banked  with  heavy  dredged 
material  up  to  within  about  3  feet  of  bottom  of  slope.  The  dam 
and  abutment  rest  on  solid  rock  about  14^  feet  below  low-water 
mark. 

The  site  for  the  dam  was  dredged  out  to  bed-rock  and  the  bot- 
tom cribs,  up  to  above  lower  pool  level,  sunk  in  24-foot  sections. 
The  arrangement  of  the  longitudinal  centre  sticks,  to  assist  in  sink- 
ing and  keeping  the  sections  in  line,  is  shown  in  plan.  Fig.  454.  The 
sheathing  of  the  steps,  in  addition  to  the  drift- bolts,  is  secured  at 
down-stream  ends  by  iron  straps  and  screw-bolts  as  shown. 

The  Abutment,  etc. — The  abutment  is  about  35  feet  high  from 
bed  rock;  face  48  feet  long,  with  right-angle  wings  40  feet.  It  is 
low  with  reference  to  the  dam,  the  coping  being  but  8.25  feet  above 
the  crest,  and  was  placed  well  back  into  the  bank  (see  cross-section, 
Fig.  447)  to  lengthen  the  dam  as  much  as  possible  and  reduce  the 
disturbance  of  the  water  and  erosion  of  banks  on  that  side  in  high 
stages.  Owing  to  the  low  abutment  the  paving  on  the  retainin«: 
crib  and  slope  below  was  made  strong  enough  to  stand  considerable 
overfall  when  the  water  is  above  the  coping.  The  bank  back  of 
the  abutment,  as  shown  by  the  cross-section,  was  raised  to  keep  the 
water  from  running  over  it  in  floods,  the  embankment  extending 
back  to  that  of  the  Chesapeake  and  Ohio  Railroad.  The  material 
for  the  fill  was  taken  from  the  excavation  for  the  abutment. 
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Contract  for  Dam — Quantities  and  Prices. — The  dam,  incind- 
ing  the  abutmeHt  and  abutment  crib  and  part  of  the  shore  protec- 
tion on  that  side,  was  built  under  a  contract  with  L.  M.  Petitdidier. 
The  work  was  begun  in  March,  1887,  and  finished  the  following 
December.  The  quantities  and  payments  on  this  contract  were  as 
follows: 


Grubbing  and  clearing  site 

Excavation,  common,  38,445  cubic  yards 

Excavation,  rock,  199  cubic  yards 

Embankment,  7872  cubic  yards 

Puddling.  418  cubic  yards 

Rock-face  musonry,  1 160  cubic  yards 

Coping,  31  cubic  yards 

Stone  tilling,  15.333  cubic  yards. 

Hand-placed  riprap,  112  cubic  yards 

Paving.  456  cubic  yards 

limber  in  permanent  construction,  B.  M.,  991,778 

feet 

Iron  in  place,  67,755  pounds 


Total. 


Prices. 


$0.75 

1.50 

.35 

1.00 

9.50 

16.00 
1.55 
2.50 
4.00 

90.00 
.05 


Amouota. 


$1,500  00 
28,833.75 

298.50 
2,755.30 

418.(10 
11.020.00 

496.00 
23,766.15 

280.00 
1,820.00 

29,753  19 
3,387.75 


$104,828.54 


HI6CELLAKE0US. 

G^ward-erift^.— Additional  guard-cribs  were  found  advisable  at 
the  head  of  the  lock,  to  enlarge  the  harbor  and  overcome  the  danger 
of  boats  being  drawn  over  the  dam  in  high  water,  and  the  three 
upper  ones  were  built  by  contract  with  Mr.  Layton  Williams  in 
1888.  In  building  them  70,837  feet  B.  M.  of  square  white  oak, 
1358  cubic  yards  of  stone,  and  3230  pounds  of  drift-bolts  were  used. 

IromoorJc, — The  principal  irons  for  the  lock  were  procured  in 
two  contracts:  The  first  with  the  Snead  &  Co.  Iron  Works,  of 
Louisville,  Ky.,  embracing  the  filling-valves  and  frames,  gate  an- 
chorage, etc.,  and  the  second  with  Ainslie,  Cochran  &  Co.,  of  Loais- 
ville,  for  irons  for  the  lock-gates,  and  for  the  trestle-dam  at  the 
head  of  the  lock.  The  two  contracts  embraced  58,408  pounds  of 
wrought  iron,  29,905  pounds  of  cast  iron,  and  2122  pounds  of  steel 

Buildings.— A.  double  lock-house,  including  also  an  oflSce  and 
storeroom,  was  built  by  contracts  with  David  Eagan  at  a  cost  of 
♦4947.82.  Two  more  single  iock-houses  are  yet  to  be  built,  and  the 
estimate  for  them,  $900  each,  is  included  in  the  following  summary 
of  cost.     The  shops  and  storehouse  are  cheap  buildings  used  by  the 
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oontractorsy  that  were  purchased  of  them  after  completion  of  the 
work  and  fitted  up  hy  the  lock  hands. 

Bank  Protection, — Owing  to  the  want  of  funds  in  the  winter  of 
1887-88,  when  the  contract  for  the  dam  was  finished  and  the  lock 
put  in  operation,  the  shore  protection  was  much  curtailed.     The 
top-soil  of  the  banks,  nearly  all  of  it  in  fact  above  the  gravel  at  this 
site,  contains  a  good  deal  of  sand,  and  the  waves  and  ''  back-lash 
made  by  the  dam  in  high  stages  have  washed  the  banks  consider- 
ably and  made  it  necessary  to  strengthen  and  extend  the  riprappiiig 
from  time  to  time.     This  has  been  done  by  hired  labor,  assisted  by 
the  regular  lock  hands.    About  7200  cubic  yards  of  stone  have 
been  used  for  this  since  the  lock  has  been  in  operation.    Below  the 
work  the  riprap  now  extends  down-stream  on  the  abutment  side 
1210  feet,  and  on  the  lock  side  1370  feet  from  the  line  of  the  dam. 
The   river   was    originally   somewhat    narrowed  below  the  work 
by  a  projection   of  the  left  bank.     This  was  purposely  left  un- 
protected until  the  scour   had   straightened   the   bank   and    in- 
creased  the    waterway.      The  high  bar  below  the  dam   on   that 
side    has    also   been    much    reduced   by    scour,  assisted    by  the 
removal  of  the  large  surface  stone  each  season  in  low  water.    This 
increase  in  the  waterway  has  materially  modified  the  action  of  the 
waves  and  current  below  the  dam  in  medium  and  high  stages. 

Total  Cost  of  Loch  and  Dam, — The  cost  of  the  work  complete 
18  B8  follows: 

The  lock,  as  per  details  of  two  contracts 

given  above $202,411.45 

[rons  in  lock  exclusive  of  gates 1,844.35 

Lock  gates  complete 7,965.00 

—  1212,220.80 

lam  as  per  details  of  contract  given  above 104,328.54 

Uprapping  in  addition  to  lock  and  dam  contracts  ....         7,450.00 

r uard-cribs  above  head  of  lock 4,000.54 

iand  at  site $4,013.87 

luildings  and  fences 7,285.00 

iispection,  engineering,  and  incidentals. .       14,310.00 

25,608.87 

Total $353,608.75 

S.  Bkoineer  Office, 
Ohakleston-Kanawha,  W.  Va.,  March,  1898. 
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Description,  with  Detailed  Drawings,  op  Lock  and  Dak 

No.  7, 


brief  description  of  the  riyer. 

1169.  The  Great  Kanawha  River  empties  into  the  Ohio  262 
miles  below  Pittsburg  and  205  miles  above  Cincinnati.  It  is  a  con- 
tinuation of  New  River,  which  rises  at  the  base  of  Grandfather 
Mountain  between  the  Blue  Ridge  and  Smoky  ranges  in  Watanga 
County,  North  Carolina.  The  length  of  the  New  and  Great  Ka- 
nawha together  is  about  425  miles. 

The  Great  Kanawha  is  generally  spoken  of  as  being  formed  by 
the  New  and  Gauley,  the  latter  joining  the  main  stream  two  miles 
above  Kanawha  Falls,  but  the  Kanawha  is  commonly  regarded  as 
beginning  at  the  Falls.  The  distance  from  the  foot  of  the  Falk  to 
the  mouth  of  the  river,  measuring  the  surveyed  line  along  the 
shore,  is  95.25  miles. 

Slope. — The  low-water  fall  of  the  river  is  shown  in  detail  by  the 
profile  (not  given) ;  the  total  descent  from  the  foot  of  Kanawha  Falls 
to  the  mouth  of  the  river  (95 J  miles)  is  107  feet.  It  will  be  noticed 
that  over  46  feet  of  this  occurs  in  the  first  15  miles.  The  fall  may 
be  divided,  using  round  numbers,  as  follows,  viz.:  From  the  foot  of 
the  falls  to  the  foot  of  Loup  Creek  Shoal,  distance  4f  miles,  fall 
22  feet.  From  the  foot  of  Loup  to  the  foot  of  Paint  Creek  Shoal 
(Lock  No,  3),  distance  10^  miles,  fall  24  feet.  From  the  foot  of 
Paint  Creek  Shoal  to  Charleston,  21^  miles,  16  feet.  From  Charles- 
ton to  the  mouth  of  the  river,  58^  miles,  fall  45  feet.  The  most  of 
the  fall  in  low  stages,  as  shown  by  the  profile,  occurs  at  the  shoals 
and  ripples,  the  natural  pools  between  them  having  but  little  de- 
scent. As  the  river  rises  the  slope  becomes  of  course  more  uniform, 
and  the  effect  of  the  shoals  and  ripples  is  reduced  and  finally  oblit- 
erated. 

Bedy  Banksy  Floods ^  etc. — The  bed  of  the  river  is  composed  of 
bowlders  and  gravel,  with  some  sand  and  mud,  getting  naturally 
finer  towards  the  mouth.  It  is  underlaid  with  rock,  found  at  dis- 
tances varying  from  about  7  to  18  feet  below  low -water  mark.  The 
depths  to  rock  as  far  as  ascertained  are  shown  on  the  profile.    The 
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banks  are  from  35  to  50  feet  high,  composed  mainly  of  heavy  clay, 
but  with  frequent  mixtures  and  strata  of  sand. 

Ordinary  Kanawha  floods  rise  about  30  feet  in  the  upper  part 
of  the  river,  and  40  feet  near  the  mouth,  above  low- water  mark. 
The  highest  recorded  rise  at  Charleston  (September,  1861)  was  46.87 
feet  above  low-water.  The  extreme  high-water  line  in  the  lower 
part  of  the  valley,  from  about  Charleston  down,  is  effected  by  back- 
water from  the  Ohio.  The  highest  water  at  the  mouth  and  for 
about  25  miles  above,  as  appears  by  the  profile,  was  caused  by  the 
extraordinary  flood  in  the  Ohio  of  February,  1884.  This  rose  at 
the  mouth  of  the  Great  Kanawha  and  for  several  miles  above,  as 
shown,  to  about  61  feet  above  low  water. 

The  average  width  of  the  river  at  low  water  is  about  600 
feet. 

The  "  hard-pan  ''  overlying  the  rock  at  Lock  and  Dam  No.  7, 
has  been  found  nowhere  else  in  any  quantity,  and  may  be  con- 
sidered as  peculiar  to  that  site;  except  as  to  this,  cross-section  AB, 
Fig.  449,  is  a  fairly  characteristic  one  of  the  river,  and  of  the  bed 
and  banks,  in  the  pools,  or  between  the  shoals.  The  natural  low- 
water  depth  between  the  shoals  is  generally  from  about  3  to  7  or  8 
feet;  in  many  places,  as  shown  by  the  profile,  it  is  much  deeper. 
On  the  shoals  there  was  originally  but  a  few  inches  of  water  in 
low  stages,  scarcely  enough  on  many  to  float  a  loaded  canoe  or 
skiff. 

(For  fuller  description  of  the  natural  features  of  the  river  and 
valley,  reference  may  be  made  to  the  following  annnal  reports  of 
the  Chief  of  Engineers:  Report  for  1871,  page  625;  for  1873,  page 
836;  for  1875,  part  2,  pages  91  and  95;  for  1876,  part  2,  page  163; 
for  1877,  pages  307,  320,  and  744.) 

Discharge — Charleston  Oauge. — The  discharge  of  the  river  for 
different  stages  with  reference  to  the  Charleston  gauge  is  given 
below.^  This  gauge  was  established  in  June,  1873,  at  the  beginning 
of  work  on  the  river  by  the  United  States.  It  is  set  to  show  the 
available  water  for  open  navigation  in  the  Oreat  Kanawha  below 
Charleston.  The  zero  of  the  gauge  is  about  one  foot  below  ordi- 
nary low  water.  The  extreme  low  water  of  1881  fell  one  tenth  of 
a  foot  below  the  zero. 

The  discharge  of  the  river  in  cubic  feet  per  second  for  the 
different  gauge-readings  is  as  follows.  All  of  these  measurements 
were  made  at  or  near  Charleston.    All  but  the  first  and  last  were 
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made  above  the  mouth  of  Elk  Biver;  the  first  was  made  just  below 
the  mouth  of  Elk,  and  the  last  includes  the  flood  discharge 
of  Elk. 

Gauge  one  tenth  of  a  foot  below  zero  (extreme  low  water),  dis- 
charge 1130  cubic  feet  per  second;  gauge-reading  3.00  feet,  dis- 
charge 2942  cubic  feet  per  second;  gauge  3.90,  discharge  4925; 
gauge  5.28,  discharge  8613;  gauge  6.80,  discharge  12,733:  gauge 
8.10,  discharge  18,562;  gauge  9.20,  discharge  28,798;  gauge  14.40, 
discharge  47,120;  gauge  19.60,  discharge  76,851;  gauge  32.60,  dis- 
charge 118,291;  gauge  34.60,  discharge  155,388;  gauge  34.60,  dis- 
charge, including  Elk  River,  188.347  cubic  feet  per  second.  (See 
Report  of  Chief  Engineers,  1876,  part  2,  page  160;  for  1878,  page 
473,  and  for  1883,  page  714.) 

Ice. — The  Great  Kanawha,  as  a  rule,  is  but  little  obstructed 
by  ice.  In  the  last  19  years  navigation  has  been  suspended  by  it, 
wholly  or  in  part,  an  aggregate  of  146  days,  an  average  of  less  than 
8  days  per  year.  The  longest  suspension  was  in  the  winter  of 
1876-77,  when  navigation  was  stopped  above  Charleston  by  ice- 
gorges  39  days.  Aside  from  an  occasional  exceptionally  cold  win- 
ter, accompanied  with  low  stages  of  water,  the  river  seldom  freezes 
over,  and  the  moving  ice  is  rarely  more  than  a  couple  of  inches 
thick.  In  the  winter  of  1878-79  it  was  covered  nearlv  everv- 
where,  except  on  the  shoals,  with  stout  ice  from  10  to  12 
inches  thick.  This  ice  was  carried  out  by  a  rise  from  the  head- 
waters of  New  River;  it  made  remarkable  gorges  in  the  Kanawha, 
and  did  a  good  deal  of  damage  to  steamboats,  barges,  coal-tipples, 
etc. 

The  Fixed  Dams,  LiftSy  and  Number  of, — The  first  project,  ss 
stated  above,  contemplated  three  fixed  dams  of  15  feet  lift  each, 
above  the  foot  of  Paint-Creek  Shoal,  carrying  the  improvement  to 
the  foot  of  Kanawha  Falls.  It  was  afterwards  deemed  advisable 
to  change  the  plan  by  reducing  the  lifts  of  the  fixed  dams  to  12 
feet,  and  locks  and  dams  Nos.  2  and  3  have  been  so  built,  the  No.  2 
pool  reaching  to  the  foot  of  Loup  Creek  Shoal,  as  shown  on  the 
profile.  This  is  nearly  or  quite  to  the  upper  line  of  the  best  coal- 
deposit  on  the  Great  Kanawha  (being  about  where  the  Lower  Coal 
Measures  run  out  and  the  thick  top  sandstone  of  the  Conglomerate 
series  appears),  and  it  is  proposed  not  to  continue  the  improvement 
further  up-stream  until  the  locks  and  dams  are  all  completed  below. 
The  reduction  in  the  lifts  will  make  two  more  fixed  dams  necessary 


IMPROVEMENT  OF  TUB  GEE  AT  KANAWHA  RIVER. 


U»7 


if  tlie  slack  water  is  carried  to  the  foot  of  the  falls^  making  fonr  in 
all  instead  of  three  as  first  proposed.  It  may  be  added,  that  the 
experience  at  Nos.  2  and  3^  particularly  in  regard  to  the  scour  of 
the  banks  below  the  works,  has  fully  justified  the  change  of  plan, 
and  shown  that  the  height  adopted  (for  maximum  12-foot  lifts)  is 
as  great  as  either  of  these  dams  should  have  been  built. 

Detailed  drawings  of  Lock  ahd  Dam  No.  2,  uniform  with  those 
of  No.  7  herewith,  are  now  under  way  for  publication  by  the 
Department. 

TJie  Size  of  the  Locks* — The  first  project  and  estimate  was  for 
locks  with  ''clear  interior  dimensions  of  about  48  to  50  feet  in 
width  and  from  285  to  300  feet  in  length."  The  locks  above 
Charleston  are  50  feet  wide  in  the  clear  and  from  300  to  311  feet 
long  between  quoins.  Before  Lock  No.  6  was  built,  the  first  below 
Charleston,  it  was  determined,  in  order  to  better  accommodate  the 
coal  trade,  particularly  large-sized  towboats  in  the  lower  river,  to 
build  all  of  the  locks  below  Charleston  55  feet  wide  in  the  clear 
and  342  feet  long  between  quoins.  The  coal-bai'ges  are  from  24  to 
26  feet  wide  and  about  130  feet  long.  The  locks  are  designed  to 
pass  fonr  barges  at  once,  or  three  barges  and  a  towboat. 

The  building  of  the  locks  and  dams  was  begun,  as  before  stated, 
in  1875.  Progress  made  to  date,  relative  locations,  lifts,  etc.,  of 
each  lock  and  dam  are  shown  on  the  profile.  This,  with  some 
other  important  features  and  dimensions  of  each  work,  is  also 
given  in  the  following  table: 


No   of 

Lock 

and 

Dam. 


No.  2 
No.  .3 
No.  4 
No.  6 
No.  6 
No.  7 
No.  8 
No.  9 
No.  10 
No.  U 


style  of 
Dam. 


Fixed 
Fixed 
Movable 
BfovabJe 
Movable 
Movable 
Movable 
Movable 
Movable 
Movable 


Max. 

Lift  in 

feet. 


12 
12 

7 

7 

r 

6* 

-■^^ 
10 


Length  of  Dam^ 
feet. 


248 
2S0 
248 
248 
248 
248 
248 
248 


210 

205 

810 

816 

292 

800f 

290t 

420t 


I 


524 

064 

498 

906 

5fi8 

664 

540 

518t 

&38t 

668t 


Lock 

— Di- 

.?   . 

mensions— 
feet. 

11 

§S 

• 

JB 

x£r 

Clear 
Widt 

IS 

50 

808 

85 

50 

811 

80 

50 

300 

78f 

50 

800 

67* 

56 

342 

54i 

55 

842 

44i 

55 

342 

80 

56 

342 

25i 

56 

842 

IB* 

56 

842 

11 

Finished  Id  1887. 
FiniKht-d  in  1882. 
Finished  in  1880. 
FiniHilvd  in  1880. 
FinlHhed  Id  1886, 
To  be  finished  in  1892. 
To  be  flnished  in  1892. 
Not  befcun  yet. 
Not  befcun  yet. 
Not  begun  yet. 


t  Approximate. 


1498  LOCKS  AKD  DAM^ 


THE  MOVABLE  DAMS. 

The  movable  dams  are  of  the  Ghanoine  wicket  type,  operated 
from  trestle  service-bridges.  In  general  features  they  are  all  like 
Dam  No.  7,  illustrated  and  described  herein.  Dams  Nos.  4  and  5 
were  completed  and  put  in  operation  in  1880,  and  were  the  first 
movable  dams  in  connection  with  slack-water  improvement  built 
in  America.  Dam  6  was  completed  in  1886.  Nos.  7  and  8  are  now 
building;  both  are  well  along,  and  will  probably  be  completed  dur- 
ing the  present  season,  1892. 

The  operation  of  these  dams  on  the  Great  Kanawha,  the  num- 
ber of  and  time  taken  in  the  manoeuvres,  difficulties  met  with, 
number  of  days  the  dams  are  kept  up,  the  cost  of  operating  and 
maintaining,  etc.,  each  year,  are  fully  described  in  the  annual  re- 
ports of  the  Chief  of  Engineers. 

The  experience  with  movable  dams  on  this  river  has,  on  the 
whole,  befen  very  satisfactory.  They  are  easily  and  rapidly  ma- 
noeuvred (in  these  respects  Dam  No.  6  and  those  now  under  con- 
struction have  considerable  advantage  over  those  first  built),  the 
expense  of  operation  and  maintenance  is  but  little  if  any  more 
than  with  fixed  dams,  and  they  prove  highly  satisfactory  to  the 
river  interests. 

Advantages  over  Fixed  Dams, — The  movable  dams  are  kept  up 
whenever  there  is  not  water  enough  in  the  river  for  coal-boat  navi- 
gation, and  down  at  other  times.  Their  advantages  over  the  ordi- 
nary fixed  dams  for  a  commerce  and  river  like  the  Great  Kanawha 
are  decided,  furnishing  the  benefits  of  the  usual  slack  water  with- 
out its  most  serious  drawbacks.  With  fixed  dams  everything  must 
pass  through  the  locks;  with  them  navigation  is  entirely  sus- 
pended, too,  when  the  river  is  near  or  above  the  top  of  the  lock- 
walls.  With  movable  dams  the  locku  are  only  used  when  the 
discharge  of  the  river  is  so  small  as  to  make  them  necessary.  At 
all  other  times  they  are  down,  practically  on  the  river-bottom,  out 
of  the  way,  affording  unobstructed  open  navigation.  This  is  of 
great  advantage  to  all  classes  of  commerce,  and  is  particularly  so 
with  coal,  transported  as  it  is,  and  empty  barges  returned,  in 
** fleets"  of  large  barges.  More  barges  can,  of  course,  be  taken 
by  a  towboat,   and    much   better    time   made   by   all  kinds  of 
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craft  in  "open  river/' when  there  is  water  enough  for  such  navi- 
gation, than  when  the  stage  or  discharge  compels  the  use  of  the 
locks. 

The  movable  dams  being  down  in  high  water,  there  is  compara- 
tively  little  difficulty  in  protecting  the  banks  about  the  works  from 
scour.  In  this  respect  they  have  considerable  advantage,  too,  over 
the  fixed  dams. 

ModiiicationSy  Cost  of  Operatingy  etc. — Experience  with  the 
dams  has  naturally  suggested  improvements,  and  No.  6,  the 
last  one  completed,  has  considerable  advantages  over  those  first 
built  in  strength  and  durability  of  constiniction,  facilities  for 
rapid  manoouvring,  and  cost  of  operation  and  maintenance. 
Dams  7  and  8  have  been  still  further  improved  in  some  of  their 
details. 

No.  6  has  been  in  operation  over  five  years.  The  average  cost 
of  operating  and  maintaining  the  lock  and  dam  has  been  $2515  per 
year.  This  covers  wages,  supplies,  repairs,  including  considerable 
addition  to  the  riprapping,  and  all  expenses  connected  with  the 
work.  The  entire  cost  during  the  five  years  of  repairs  on  the  dam 
proper  and  on  all  of  its  apparatus,  including  paints,  one  of  the 
principal  items,  has  been  something  less  than  |!250,  or  an  average 
of  $50  per  year. 

This  dam  is  put  up  by  4  or  5  men  in  from  7  to  12  hours;  the 
usual  time  is  about  8  hours.  It  is  lowered  with  the  same  force  in 
about  2  hours.  No  material  difficulty  has  ever  been  met  with  in 
any  of  the  manoeuvres  at  No.  6. 

Four  men  are  employed  regularly  at  each  work,  the  same  as  at 
the  fixed  dams.  In  raising  and  lowering  the  dams  one  or  two  extra 
men  are  often  hired. 

Mancduvring  the  Dams. — ^The  operation  of  raising  and  lower- 
ing the  dams  is  generally  understood,  or  will  be  inferred  from  the 
drawings,  but  may  be  briefly  described  as  follows:  In  raising  the 
pass  the  bridge  is  first  put  up,  trestle  by  trestle  (they  are  connected 
by  chains  as  shown),  beginning  at  the  lock.  As  the  trestles  come 
up,  and  with  them  the  aprons  that  make  the  walk,  the  rails  form- 
ing the  connections  and  winch-track  are  placed.  In  raising 
the  trestles,  the  winch  is  used  by  means  of  the  small  top- 
crane  and  sheave.  After  the  bridge  is  up,  the  wickets  are  pulled 
up  one  by  one  with  the  winch  and  wicket  chains  until  the  props 
drop   into  the  hurter  -  seats.      The  wickets  are  not  erected  or 
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*^  righted ''  as  fast  as  pulled  up,  but  left  "  on  the  swing "  {en  bas- 
cule), that  is,  with  the  horse  erect,  the  end  of  the  prop  in  the 
hurter-seat,  and  the  wicket  in  a  horizontal  position  at  the  top  of 
the  horse.  In  this  position  the  water  passes  freely  under  the 
wicket.  If  righted  as  fast  as  pulled  up,  the  head  of  water  becomes 
so  great  that  the  last  wickets  cannot  be  safely  handled  with  the 
winch.  After  being  put  on  the  swing  clear  across,  they  are  all 
rapidly  righted;  this  is  done  with  the  drum  and  brake  on  the 
winch  and  wicket  chain,  the  butt  of  the  wicket  being  held  against 
the  pressure  of  the  water  and  let  against  the  sill  without  shock. 
In  lowering  the  pass,  the  wickets  are  pulled  up-stream  a  few 
inches  with  the  winch  by  a  simple  line  and  grab  connection  at  the 
top  of  the  wicket.  This  carries  the  foot  of  the  prop  out  of  the  seat 
into  the  descending  channel  of  the  hurter,  when  the  grab  is  disen- 
gaged and  the  wicket  falls.  After  the  wickets  are  lowered  the 
bridge  is  put  down.  The  manceuvres  briefly  described  above 
refer  particularly  to  the  navigation  pass.  The  weir  is  manoeuvred 
on  the  same  general  plan,  but  the  weir-wickets,  being  smaller  than 
those  of  the  pass,  they  can  be  raised  or  lowered,  put  on  the  swing, 
or  righted  with  full  head  whenever  desired.  The  manoeuvre  of  the 
weir  when  the  dam  is  up  is  governed  by  the  stage  or  discharge  of 
the  river,  it  being  kept  wholly  or  partly  raised,  as  required,  to 
regulate  the  surface  of  the  pool.  A  pass-wicket,  for  reasons  given 
above,  is  never  lowered  or  swung  unless  the  whole  dam  is  to  go 
down. 

Telephone  Line,  Equipments,  etc, — Concert  of  action  is  neces- 
sary in  manoeuvring  the  dams  and  regulating  the  pools  ;  and 
the  different  works  are  connected  with  each  other  and  with  the 
central  office  at  Charleston  by  telephone.  The  line  is  also 
extended  to  Kanawha  Falls,  to  give  notice  of  floods;  and  daily 
communication  by  mail,  and  by  telegraph  when  necessary,  is  had 
with  Hinton,  at  the  mouth  of  the  Greenbrier,  60  miles  above  the 
Falls. 

A  light-service  boat,  furnished  with  a  derrick,  capstan,  and 
and  cabin,  is  required  at  each  movable  dam  to  assist  in  the  ma- 
noeuvres, transport  bridge-rails,  tools,  etc.  A  complete  diving  out- 
fit is  also  necessary  at  each. 

On  the  bank,  in  addition  to  the  houses  for  the  men,  a  dmm- 
house  and  tramway,  to  handle  apparatus  and  tools,  a  carpenter- 
shop,   blacksmith  -  shop,  and  a  storehouse  are  required.     Such 
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buildings,  except  the  drnm-bonse,  are  in  use  at  the  fixed  dams  as 
well.  All  of  the  ordinary  repairs  are  made  by  the  regular  lock 
hands. 

LOCK  AND  DAM  NO.  7. 

Lock  and  Dam  No.  7  is  located  14  miles  below  Charleston  and 
44^  miles  from  the  month  of  the  riven  The  building  of  the  lock, 
or  of  the  cofferdam  to  enclose  it,  was  begun  in  April,  1889.  The 
lock  was  completed,  except  the  gates,  in  February,  1892.  The 
foundations  and  masonry  for  the  dam  were  begun  in  the  spring  of 
1891,  and  it  is  expected  the  dam  will  be  completed  during  the 
present  season,  1892. 

Foundations. — The  foundations  are  fully  shown  by  the  draw- 
ings. The  bed-rock  at  this  site  is  from  11  feet  to  15}  feet  below 
low-water  mark.  It  is  overlaid  with  **  hardpan,''  a  tough,  indurated 
clay,  varying  in  depth  from  3^  to  8^  feet.  On  the  hardpan  is  the 
river-bed  of  bowlders  and  coarse  gravel,  mixed  with  some  sand  and 
mud. 

The  foundations  of  the  lock,  except  the  upper  cross-sill,  all  ex- 
tend to  solid  rock;  those  of  the  dam  resting  partly  on  the  rock  and 
partly  on  the  hardpan,  as  shown. 

THE  LOCK. 

The  lock  is  shown  on  Figs.  448  to  455.  It  is  342  feet  long^ 
between  quoins,  with  a  clear  width  in  chamber  of  55  feet.  The 
total  length,  not  including  guard-cribs,  is  411  feet.  The  walls, 
including  concrete  foundations,  are  from  27  feet  to  31.75  feet 
high;  they  are  uniformly  20  feet  above  top  of  mitre-sills.  The 
maximum  lift,  when  Dam  No.  8  is  up  and  the  pools  full,  will  be 
about  8  feet;  with  No.  8  down,  the  lift  in  low  water  would  be 
about  10  feet. 

The  Coffer-dam, — The  coffer-dam  for  the  lock  and  guard-cribs 
was  536  feet  long  up  and  down  stream,  with  shore  ends  152  and 
and  134  feet  long.  It  was  built  of  round-timber  cribs,  sunk  in  sec- 
tions to  the  hardpan,  the  top  bowldera  and  gravel  being  dredged 
off,  filled  with  heavy  dredged  material,  sheathed  on  the  outside,  and 
banked  with  clay  and  gravel.  The  cribs  forming  the  sections  were 
15  feet  wide,  21  feet  long,  and  about  19  feet  high,  the  top  of  the 
coffer  being  about  11  feet  above  low-water  mark. 
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Foundations, — The  hardpan  was  ezcayated  to  solid  rock, 
and  in  main  part  replaced  by  concrete  up  to  within  5.50  feet 
of  top  of  mitre-sillsy  at  which  level  the  masonry  of  the  walls 
begins.  For  the  purpose  of  anchorage,  part  of  the  masonry 
under  the  mitreHsills  extends  to  the  rock  as  shown  (Figs.  451  and 
452). 

Masonry. — The  stone  used  at  No.  7  is  yellowish  and  bluish 
gray,  medium  and  fine-grained  sandstone  (probably  the  ^'  Morgan- 
town  "  and  "  Mahoning  ")  from  three  quarries  along  the  river,  from 
one  to  seven  miles  above  the  site.  It  weighs  about  150  pounds  per 
oubic  foot,  and  the  crushing  load  of  two-inch  cubes  varies  from 
^5,000  to  46,000  pounds. 

The  chamber-faces  of  the  walls  are  of  pointed-face  ashlar,  and 
the  other  faces  generally,  except  the  back  of  the  land-wall,  of  rock- 
faced  ashlar.  The  chamber-corners,  quoins,  sills,  and  coping  are 
dimension-stone,  bush-hammered.  The  interior  of  the  walls  and 
the  back  of  the  land-wall  and  wings  were  classified  as  '^  backing," 
described  in  the  specifications  as  follows :  **  The  backing  of  all  the 
walls  shall  be  of  sound,  good-sized,  vertical-sided  stones.  It  shall 
generally  bo  shaped  up  and  bedded  top  and  bottom,  and  made  to 
correspond  with  height  of  front  stone  before  being  brought  on  the 
wall.  The  beds  of  backing  not  to  exceed  one  inch  in  thickness. 
It  shall  be  laid  in  full  beds  of  mortar,  so  as  to  thoroughly  bond  and 
break  joints.  The  spaces  between  backing-stones,  due  to  irregu- 
larities of  form  not  to  exceed  8  inches  at  the  widest  point,  and  are 
to  be  filled  solid  with  selected  hammer-shaped  stones  and  spalls, 
carefully  laid  and  settled  in  mortar.^^  The  use  of  grout  was 
prohibited. 

Concrete. — The  concrete  was  mixed  in  batches  of  broken  stone, 
33  cubic  feet;  sand,  15  cubic  feet;  cement  (Bosendale),  2  barrels. 
This  made  36  cubic  feet  of  concrete  rammed  in  place. 

Back  of  Walls,  etc. — The  back  of  the  land-wall  was  hammer- 
dressed  and  laid  in  offsets.  For  drainage  behind  this  wall,  loose 
stone  were  placed  between  the  back  and  embankment,  leading  to  a 
culvert  in  the  lower  wing.  Communication  between  the  pools  was 
guarded  against  by  puddle  about  the  upper  wing. 

Irons  in  Masonry,  Anchorage,  etc. — The  mitre-sills  are  an- 
chored by  l^-inch  wedge-bolts  that  reach  into  the  bed-rock. 

Lock-gates. — The  gates  and  gate  irons  are  shown  on  Pig.  450 
The  gates  are  of  white  oak,  built  without  heel  or  mitre  '*  posts,'' 
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the  main,  beams  mnning  through  and  the  ends  and  centre 
made  solid  by  filling-blocks,  assembled  with  horizontal  and  vertical 
bolts  and  keys,  and  spaces  planked  as  shown.  They  are  suspended 
at  the  heel  on  steel  gudgeons,  and  by  top  fastenings  and  anchorage, 
all  below  the  level  of  the  coping.  Each  leaf  weighs  complete  about 
37i  tons. 

The  lock  is  filled  and  emptied  by  valves  in  the  gates,  each  leaf 
having  five  cast-iron  valves  hung  horizontally  in  a  wrought  frame. 
The  net  filling  and  emptying  areas  are  each  close  to  68  square  feet. 
The  valves  are  manoeuvred  by  racks  and  pinions  and  the  gates  by 
spars  and  capstans. 

The  valve  areas  are  the  same  as  at  Lock  No.  6,  and  the  chamber 
contents,  owing  to  the  faces  of  the  walls  being  vertical  instead  of 
battered,  somewhat  less  than  Lock  6.  At  No.  6  the  lock  is  filled 
and  emptied  at  maximum  lift  in  about  4  minutes.  Steamboats 
withotft  tows  are  locked  either  way  in  from  six  and  one  half  to 
eight  minutes. 

Quantifies  and  Prices. — The  lock  was  built  under  a  contract 
that  covered  the  lock  complete  except  the  gates.  It  included  coffer- 
damming,  pumping,  and  bailing,  and  the  furnishing  of  all  work 
and  of  all  materials,  except  the  irons  built  in  the  masonry;  these 
irons  being  supplied  by  the  United  States,  and  placed  by  the  con- 
tractor. The  quantities  in  the  contract  and  the  prices  per  unit  for 
the  work  in  place  were  as  follows : 

Grubbing  and  clearing  complete,  12000;  crib-logs  in   coffer- 
dam,  53,903   lineal  feet  at   28   cents;    sheathing  for  coffer-dam, 
34,870  feet    B.    M.   at    1530.00;    coffer-dam    tilling,    7361    cubic 
yards    at    60    cents;    excavation,    common,    including    dredging, 
22,387  cubic  yards  at  55  cents;  hardpan   excavation,  3064  cubic 
yards    at    $1.25;    rock    excavation,    11    cubic    yards    at    $4.80; 
embankment,    11,031    cubic  yards   at    50    cents;    puddling,  233 
cnbic    yards   at   $1.50;   concrete,  600   cubic   yards  at  $5.00  and 
2713    yards  at    $6.25;  backing    masonry    5224    cubic    yards    at 
$4.40;   rock-face  masonry,  2017   cubic  yards  at  $8.60;  pointed- 
face   masonry,    1836   cubic  yards    at    $9.00;   "cut  stone *'    (cor- 
ners, etc.,  bush-hammered),  351  cubic  yards  at  $12.00;  sills,  219 
cubic  yards  at  $18.00;  quoins,  76  cubic  yards  at  $25.00;  coping, 
377  cubic  yards  at  $25.00;  riprap,  hand-placed,  1987  cubic  yards  at 
f  3.00;  paving,  1171  cubic  yards  at  $5.00;  stone  filling,  3165  cubic 
yards  at  $1.50;  bolt-holes  drilled  in  masonry,  1493  lineal  feet  at 
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50  cents;  timber^  white  oak  in  guard-cribs,  etc,  60,150  feet  B.  }L 
at  $40.00. 

The  aggregate  of  the  contract  was  $160,630.24. 

THE  DAM. 

The  dam  is  of  the  Ghanoine  wicket  type,  operated  from  a  trestle 
service-bridge.  It  is  divided  in  two  main  parts,  the  Xavigatiou 
Pass  and  the  Weir,  or  in  four  parts,  beginning  at  the  lock,  viz.:  The 
Navigation  Pass,  Centre  Pier,  Weir,  and  Abutment. 

The  foundations  all  rest  on  concrete,  the  latter  extending  to 
bed-rock  under  the  upper  and  lower  or  exterior  walls,  and  at  wicket 
and  trestle  anchorage,  and  to  hardpan  elsewhere,  as  shown.  The 
foundations  are  50  feet  long  up  and  down  stream,  between  neat 
lines  of  walls.  The  surface  or  apron  of  the  pass  is  entirely  of 
masonry  except  the  wicket  sill  and  the  timbers  for  the  horse  and 
trestle  boxes. 

The  pass  is  248  feet  wide.  It  is  closed  by  62  wickets  spaced  4 
feet  between  centres;  the  wickets  are  of  oak  with  pine  panels, 
framed,  ironed,  and  hung,  as  shown  on  the  drawings.  They  are 
3  feet  8  inches  wide,  the  space  between  them  being  4  inches,  and 
14  feet  i  inch  long.  The  axis  of  rotation  is  6  feet  10  inches 
from  the  butt  of  the  wicket  and  5  feet  11  inches  vertically  above 
the  top  of  the  sill.  The  top  of  the  wickets  stands  13  feet  vertically 
above  the  sill.  The  inclination  with  the  vertical  is  20°  and  the  lap 
on  the  sill  5  inches.  These  wickets  are  a  few  inches  longer  than  any 
before  built  on  the  river.  The  details  of  the  wicket  and  wicket- 
irons  and  of  the  horse,  prop,  and  hurter  are  shown  on  Fig.  455. 

The  service-bridge  of  the  pass  is  made  by  30  wrought-iron 
trestles,  with  attached  aprons  for  walk  and  connecting  rails.  The 
trestles  are  8  feet  apart  between  centres.  The  floor  of  the  bridge 
is  16  feet  9^  inches  above  the  centre  of  bottom  axis  of  trestles  and 
2  feet  6  inches  above  top  of  wickets  or  normal  pool  level.  The 
trestles  are  connected  by  chains  for  use  in  raising,  the  aprons  form- 
ing part  of  this  connection,  and  have  forged  stops  to  fasten  the 
wicket  chains  in. 

The  wickets  and  bridge  are  anchored  by  l|-inch  rods  and  cast 
disks,  built  in  the  foundations,  spaced  4  feet  apart  for  both  wickets 
and  bridge. 

The  masonry  of  the  down-stream  wall  of  the  weir  extends  to 
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bed-rock,  the  remainder  of  the  foundations  resting  on  the  hardpan^ 
as  shown  generally  by  cross-section  on  Figs.  451  and  452.  The 
space  between  the  upper  and  lower  walls  is  filled  partly  with  con- 
crete and  partly  with  clay  and  gravel,  the  concrete  being  used 
about  the  anchorage  and  immediately  under  the  surface  masonry^ 
as  shown. 

The  weir  is  316  feet  wide,  closed  by  79  wickets  set  4  feet  be- 
tween centres.  The  wickets  are  3  feet  9  inches  wide  (the  space 
being  3  inches)  and  9  feet  2^  inches  long.  The  axis  of  rota- 
tion measured  on  the  wicket  is  4  feet  from  the  butt  and  vertically 
3  feet  4}  inches  from  top  of  sill.  The  top  of  the  wicket  is  8^ 
feet  vertically  above  the  sill.  The  inclination  with  the  vertical 
is  20''  and  lap  on  sill  a  fraction  less  than  4  inches.  These  weir- 
wickets  (those  for  the  weir  of  Dam  8  now  building  are  the  same 
size)  are  from  1^  to  3^  feet  longer  than  at  the  other  dams  on  the 
river. 

The  weir-service  bricige  is  made  by  39  trestles-spaced,  except  at 
ends,  8  feet  between  centres.  In  general  form  of  construction  it  ia 
like  the  pass-bridge,  the  trestles  having  attached  iron  aprons,  con- 
necting-chains, and  stops  for  wicket-chains,  etc. 

The  upper  surfaces  of  the  weir-foundations  of  the  Great  Ka- 
nawha dams  are  all  a  little  above  natural  low-water  mark.  On  ac- 
count of  this,  in  recent  construction,  beginning  with  Dam  6,  the 
surface  is  made  entirely  of  mtvsonry  (except  the  upper  guard- 
stick  and  wicket-cushions,  both  easily  renewed),  and  the  trestle- 
boxes,  wicket-sill,  and  hurters  are  fastened  directly  to  the  coping 
by  wedge-bolts. 

The  wicket  sill  is  of  cast  iron,  made  in  sections,  with  the  horse- 
boxes attached.     The  sill  is  anchored  by  rods  and  disks. 

Centre  Pier,  Abutment,  etc. — The  foundations  of  the  pier  all  rest 
on  bed-rock,  and  are  mainly  of  concrete;  about  the  down-stream 
end  the  masonry  proper  extends  to  rock.  The  concrete  foundations 
of  the  abutment  extend  to  rock  throughout.  The  masonry  of  the 
pier  and  abutment  is  principally  rock-faced  ashlar  with  dimension,, 
bush-hammered  comers  and  coping.  The  circular  recesses  in  both,, 
for  the  adjoining  trestles  of  the  bridge  to  fall  in,  are  shown.  For 
drainage  back  of  the  abutment,  loose  stone  are  placed  between  the 
wall  and  embankment  leading  to  an  opening  in  the  lower  wing. 
Puddle  is  used  back  from  and  about  the  upper  wing  to  prevent 
communication  between  the  pools. 
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Quantities  and  Prices, — The  foundations  and  masonry  of  the 
dam  are  being  built  by  a  contract  that  covers  the  work  complete^ 
ready  for  the  wickets  and  trestles.  It  embraces  coffer-damming, 
pumping,  and  bailing,  and  the  furnishing  of  all  work  and  of  all 
materials,  except  the  iron  built  into  or  attached  to  the  work;  these 
irons  being  furnished  by  the  United  States  and  put  in  place  by  the 
contractor.  The  approximate  quantities  and  contract  prices  are  as 
follows : 

Grubbing  and  clearing  site  complete,  $500.00;  coffer-dam  logs, 
80,000  lineal  feet  at  20  cents;  sheathing  for  coffer-dam,  53,000  feet, 
B.  M.,  at  $30.00;  coffer-dam  filling,  13,000  cubic  yards  at  60  cents; 
excayation,  common,  including  dredging,  16,000  cubic  yards  at  90 
cents;  hard-pan  excavation,  1960  cubic  yards  at  $1.80;  rock  excava- 
tion, 100  cubic  yards  at  $2.50;  embankment,  2000  cubic  yards  at 
60  cents;  puddling.  875  cubic  yards  at  $1.50;  concrete,  2830  cubic 
yards  at  $7.25;  rock-face  masonry,  2270  cubic  yards  at  $10.00; 
pointed-face  masonry,  450  cubic  yards  at  $13.00;  cut  stone  (bush- 
hammered  corners,  etc.),  masonry,  100  cubic  yards  at  $15.00  ;  sills, 
310  cubic  yards  at  $16.00;  coping,  430  cubic  yards  at  $15.00;  stone 
filling,  938  cubic  yards  at  $1.50;  riprap,  hand-placed,  700  cubic 
yards  at  $2.50;  drilling  bolt-holes  in  masonry,  5000  lineal  feet  at 
30  cents;  timber,  white-oak,  in  permanent  construction,  110,000 
feet,  B.  M.,  at  $50.00. 

The  aggregate  of  the  contract,  as  above,  is  $118,215.00. 

Total  Cost  of  Lock  and  Dam, — The  estimate  for  the  lock  and 
dam  complete  is  as  follows : 

The  Lock,  as  per  details  of  contract  given  above $160,690 

Irons  built  in  masonry  of  lock 1,098 

Lock  gates  complete 7,800 

$169,583 
Poundations  and  masonry  of  Dam,  as  per  details  of  con- 
tract given  above $118,Ssl5 

Ironwork  in  anchorage  and  fixed  parts  of  dam 6,500 

Ironwork  in  movable  parts  of  dam 12,700 

Woodwork  of  wickets 2.850 

Diving  apparatus  and  service-boats 1,800 

140,065 
Land  at  site,  buildings,  engineering,  superintendence,  and 

incidentals 84,018 

Total.... $848,600 
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In  this  estimate  the  cost  of  unfinished  details  and  work  not 
contracted  for  is  based  mainly  on  the  actual  cost  of  same  at  Lock 
and  Dam  No.  6. 

Addison  M.  Scott,  Resident  Engineer. 

U.  S.  Ekoinebb  Oppicb. 
ChAblbston — Kanawha,  W.  Va„ 
March,  1892. 
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SUPPLEMENT. 


RIVER  AND  HARBOR  SURVEYS. 

The  author's  attention  was  kindly  called  by  W.  M.  Black,  Captain  of  Engi- 
neers, U.  8.  A.,  to  the  omission,  from  the  earlier  portions  of  this  volume,  of  any 
description  of  River  and  Harbor  Surveys  (though  considerable  space  had  been 
given  to  River  and  Harbor  Improvements).  At  the  author's  request  Capt.  Black 
furnished  him  with  a  number  of  references  in  the  Reports  of  the  Chief  Engi- 
neer, U.  S.  A.4  from  which  the  writer  has  selected  the  following  examples  as 
fairly  typical  surveys  of  their  class.  These  surveys  were  carefully  made  in 
accordance  with  the  best  methods  known,  and  the  reports  of  them  are  very  com- 
plete. Want  of  space  will  prevent  their  introduction  in  full.  What  is  said, 
however,  is  subst-antially  found  in  the  reports  and  in  letters  received  from 
Oapt.  Black.  River  surveys  vary  so  in  their  object  that  it  is  difficult  to  find  a 
typical  case.    They  may  be  summed  up  as  follows  : 

(a)  **  Where  a  thorough  survey  and  maps  of  the  entire  river  is  required.  For 
three  methods  of  such  a  work  see  the  Reports  of  the  Surveys  of  the  Mississippi 
and  Missouri  Rivers ;  Reports  of  the  Chief  Engineer  for  extensive  work;  for  less 
elaborate  work,  see  Reports,  1888,  Part  2,  pages  1095  and  1109. 

(6)  *^  Where  a  meander  of  the  river  and  a  survey  of  shoals  and  obstructions 
is  desired,  see  Survey  of  Upper  Savannah  River,  Report  1890,  Part  2,  page  1832. 

(c)  *'  Where  a  still  less  elaborate  map  is  required  and  where  bank  work  is 
impracticable,  see  Survey  of  Upper  Manatee  River,  Reports,  1888,  Part  2,  page 
1110,  and  1891,  Part  2,  page  1621." 

The  general  purpose  of  river  and  harbor  surveys  may  be  briefly  stated  as 
follows :  (1)  To  deepen,  to  widen,  to  narrow  rivers,  or  to  canalize  them  ;  (2)  to 
determine  and  locate  the  navigable  channel,  if  one  exists,  or  to  straighten  or 
rectify  it,  or  to  determine  the  cost  of  making  such  a  channel  and  the  best  means 
of  doing  so ;  (3)  or  the  purpose  may  be  to  divert  some  portions  of  the  river  into 
entirely  new  channels,  and  to  determine  the  best  means  of  maintaining  the  old 
or  new  channels ;  (4)  to  determine  the  extent  and  position  of  sboals,  bars,  rocks, 
or  other  obstructions  to  the  use  of  rivers  and  harbors  for  purposes  of  naviga- 
tion ;  (5;  to  determine  upon  the  character  of  artificial  works,  such  as  break- 
waters, jetties,  dock- walls,  etc.,  which  will  be  necessary  to  effect  the  objects  in 
view,  and  also  their  location  and  cost. 

More  or  less  elaborate  surveys  are  required.  The  banks  of  rivers  and  coast- 
lines of  harbors  and  their  outlets  have  to  be  carefully  surveyed  or  meandered. 
This  work  can  be  done  by  running  meander-lines  as  close  as  practicable  to  the 
shore-lines,  and  offsets  taken  from  them  to  upper  crest-line  of  banks  and  to  the 
wat«r-line.  These  lines  may  be  run  on  one  or  both  sides  ;  in  the  case  of  one  side 
being  used,  points  on  the  other  or  opposite  side  are  to  be  located  by  triangulation 
or  stadia-measurements.    Rock-bound  coasts  or  rivers  with  steep  and  precipitous 
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banks,  or  thos«  bordered  with  dense  jungle,  marshy  lands,  or  other  similar 
obstructions,  are  best  surveyed  from  boats.  Four  boats  can  be  used  to  advan- 
tage in  such  surveys.  Two  points,  one  near  each  shore-line  at  the  mouth  of  tiie 
river,  are  located,  and  the  direction  and  distance  between  them  accurately 
determined  :  two  of  the  boats  are  anchored  at  these  stations  ;  the  other  two  move 
up-stream  to  convenient  points  on  the  opposite  side  of  the  stream.  These  poiiiis 
would  bo  selected  at  the  first  bend,  if  not  too  great  a  distance  from  the  first  twi> 
points.  At  these  positions  the  boats  are  anchored,  and  angles  are  measur^-i 
from  each  of  the  boats  to  the  other  three  by  the  use  of  a  sextant.  The  first  tw«» 
boats  then  move  up-stream,  beyond  the  second  two,  to  convenient  points,  ami 
angles  are  again  measured,  thus  triangulating  thei  way  up-stream  from  point  to 
point. 

All  such  surveys  should  be  connected  with  some  base-line,  either  one  alrea«ly 
established  by  the  U.  S.  Coast  Survey,  or  one  having  its  ends  determined  by 
astronomical  observations. 

The  positions  of  rocks,  shoals,  bars,  and  other  obstructions  can  be  located  by 
triangulation  from  the  ends  of  subsidiary  base-lines  whose  positions  relatively  to 
other  lines  of  the  survey  are  known,  or  by  stadia-measurement  from  predeter- 
mined points ;  or,  finally,  from  the  positions  of  the  obstructions,  or  from  boats 
anchored  over  them,  by  means  of  the  sextant,  measuring  the  angles  to  any  three 
predetermined  points  on  shore. 

The  positions  of  soundings  can  be  located  in  the  same  manner,  or  these  can 
be  determined  by  taking  time  soundings  on  a  line  whose  total  distance  has  b^n 
determined,  and  a  uniform  rate  of  rowing  maintained.  For  a  complete  hydro- 
graphic  survey,  tidal  and  current  observations  have  to  be  made ;  also,  borings  to 
determine  the  character  of  the  underlying  material. 

Though  possibly  somewhat  out  of  place,  a  few  remarka  will  be  made  on 
mapping,  which,  together  with  the  foregoing  general  remarks  on  surveying  an-i 
locating  points,  is  substantially  as  found  in  Text-book  of  Science,  bv  T.  G. 
Gribble. 

The  object  of  mapping  is  to  produce  a  correct  graphic  representation  of  Th»* 
field-w^ork  upon  paper.  The  only  absolutely  true  map  is  a  terre^strial  globe,  but 
(as  quaintly  remarked)  as  we  cannot  carry  globes  about  us  we  have  recourse  t«> 
the  principles  of  projection,  which  are  artificial  representations  of  a  sphericjil,  i»r 
more  properly  spheroidal,  surface  upon  a  plane.  If  the  survey  extends  over  a 
large  area,  it  becomes  necessary  to  adopt  some  method  of  projection  by  which,  in 
the  first  place,  the  distances  are  reduced  to  the  sea-level,  and  in  the  secon«l 
place  the  meridians  are  converged  or  distorted  so  as  to  allow  for  cnrvature.. 
When  tlie  survey  is  a  continuous  traverse  of  a  railway  route,  or  some  similar 
kind  of  work,  this  is  not  necessary.  It  is  not  the  object  of  the  railway  engint-^^^r 
to  know  the  sea-level  dimensions  ;  he  needs  the  actual  length  of  the  road,  wher- 
ever it  may  be.  The  difference  in  length  betw^een  a  degree  of  latitude  at  the  sea- 
level  and  at  528  feet  (yV  tnile)  elevation  is  only  about  9  feet,  at  an  elevatioo  «>f 
5280  feet  (one  mile)  it  would  be  about  93  feet,  and  the  distance  measuremeni 
practicable  does  not  come  nearer  than  that.  Nor  does  the  engineer  want  a  dis- 
torted map,  but  one  to  which  he  can  apply  a  scale  throughout;  he  therefore 
docs  not  need  to  take  account  of  the  earth's  curvature,  but  plots  bis  traver^* 
on  a  horizontal  plane.  When  the  area  over  which  a  triangulation  extends  is  n«>t 
lai'g(\  the  engineer  is  still  able  to  adopt  one  of  two  methods  of  plane  construct  ii^n. 
In  the  first  the  meridians  and  parallels  of  latitude  are  parallel  straight  lines  at 
right  angles  to  one  another.  In  the  second,  the  parallels  of  latitude  are  straight 
linos  parallel  to  each  other,  but  the  meridians  are  converging  straight  lines,  or,  if 
great  accuracy  is  needed,  curved  lines — for  the  first  a  limit  of,  say,  10(K)  square 
miles,  and  for  the  second  100,000  square  miles.     When  the  surrey  is  in  high 
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latitudes  the  spheroidal  form  of  the  earth  much  more  affects  the  map  than  near 
tlie  equator,  in  which  region  a  belt  could  be  projected  all  round  the  globe  by  the 
lirst  method  without  sensible  en^or. 

Assuming  a  mean  Uititude  of  32°,  the  length  of  a  degree  of  latitude  at  32°  is 
68.90  statute  miles,  and  the  length  of  a  degree  of  longitude  is  58.70  miles  at 
tlie  same  latitude.  If  then  we  draw  two  lines  at  right  angles  to  each  other  and 
from  tlie  intersection  of  these  lines  lay  off  on  the  up  and  down  line  above  and 
below  68.9  miles  to  any  scale,  and  through  the  points  thus  located  draw  two 
horizontal  lines,  these  will  correspond  to  parallels  31°  and  33°  of  latilude. 
Then  from  the  intersection  of  the  first  lines  drawn  we  lay  off  to  the  right  and 
left  distances  of  58.7  miles,  and  through  the  points  thus  located  we  draw  two 
vertical  or  meridian  lines.  There  is  thus  formed  a  large  rectangle  whose  sides 
are  2°  of  arc,  and  embracing  an  area  of  about  16,000  square  miles,  as  a  square 
of  about  i°  on  a  side  will  contain  1000  square  miles.  The  correction  for  1° 
longitude  for  each  change  of  one  degree  of  latitude  will  be  0.61  north  and  0.62 
south,  that  is,  for  latitude  33°  and  31°  respectively  ;  therefore,  by  the  second 
method,  using  converging  meridians,  the  length  of  the  north  parallel  33°  for  2° 
arc  will  be  less  than  in  the  first  by  1.22  miles,  and  in  parallel  ,31°  greater  by 
practically  the  same  amount.  The  distances  on  lines  running  north  and  south 
will  remain  the  same,  and  for  the  i°  square  covering  an  area  of  1000  square 
miles  the  expansion  on  the  top  of  the  sheet  (with  parallel  meridians)  will  be  50 
(nearly)  yards  greater  than  with  converging  meridians,  and  a  similar  error  of 
contraction  at  the  bottom,  in  practically  29.8  miles.  The  method  of  straight 
converging  meridians  may  be  used  with  sufficient  accuracy  up  to  a  latitude  of 
65°  for  stretches  of  100,000  square  miles.  It  may  be  said,  tlierefore,  that  the 
method  of  plane  construction  meets  all  the  ordinary  requirements  of  the  engineer. 

The  principles  of  reducing  extensive  surveys  to  atlas  scale  will  be  briefly 
explained. 

C(mical  Pi^ojection. — A  globe  may  be  conceived  to  be  wholly  contained 
inside  a  cylinder,  or  partly  contained  inside  a  hollow  cone.  The  cylinder  must 
have  a  diameter  equal  to  that  of  the  globe.  The  cone  must  be  of  such  dimen- 
sions that  its  sides  will  be  tangential  to  the  radius  of  the  sphere  at  the  point  of 
contact.  A  belt  of  a  few  degrees  on  either  side  of  the  equator  miglit  be  con- 
ceived to  be  unwrapped  or  developed  on  the  cylinder  without  sensible  error  ;  this 
much  would  be  plane  parallel  construction.  Similarly  a  belt  of  the  cone  may  be 
developed  with  converging  meridians  and  with  curved  parallels.  Maps  of  con- 
tinents are  drawn  in  the  atlas  upon  this  principle,  and  being  of  large  extent  the 
apex  of  the  cone  is  determined  and  the  radial  parallels  of  latitude  drawn  direct 
upon  it  with  trammels. 

Example. — It  is  required  to  project,  by  conical  projection,  a  belt  of  10*  longi- 
tude, say  from  20°  to  30"  east,  whose  middle  parallel  of  latitude  is  50°;  the 
width  to  be  10°,  i.e.,  from  45"  ta55";  the  scale  100  miles  to  the  inch.  Dniw  the 
scale  of  miles  at  the  foot  of  the  paper.  Draw  a  horizontal  base-line  in^  the 
middle  of  the  paper,  fix  its  centre,  and  draw  a  perpendicular  through  from  top 
to  bottom.  The  base  will  represent  the  chord  of  the  middle  parallel  and  the 
perpendicular  the  central  meridian  25°  longitude  E.  Calculate  the  length  of  the 
chord  by  the  following  formulae: 

Radius  of  cone  =  radius  of  earth  x  cotan  lat.  =  3950  x  cot  50°  =  3,314/?; 

Central  angle  =  total  longitude  x  sin  latitude  =  10°  xsin  50°  =  7"  66'  =  -4; 

^^^  =  ii  sin  4  =  3,314  x  sin  8°  63'  =  221  miles; 

2  2' 

A 
Versed  sine  =  -R  —  -K  cos  -  =  7.4  miles. 

4i 
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meter).  The  place  selected  for  this  had  an  inappreciable  current,  a  uniform 
depth  of  7  feet,  and  convenient  for  obtainiug  a  base  for  a  run  of  1000  fe«*t.  Tlie 
party  consisted  of  two  assistants,  two  recorders,  an  engineer,  and  a  beliiisman. 
Having  selected  the  line  for  the  run,  a  base  was  measured  on  the  shore  approxi- 
mately parallel  to  it;  the  stakes  marking  the  run  were  then  readjusted  so  that 
they  would  be  equidistant  from  the  base-line,  by  turning  off  equal  angles  from 
each  end  of  the  base,  intersecting  lines  at  90°  from  the  other.  Stakes  were  set 
15  feet  inside  of  these,  with  which  two  othera,  beyond  each  end  of  the  run,  wen? 
ranged.  The  second  set  of  stakes  was  then  removed,  leaving  the  other  two*** 
as  to  enable  the  observers  on  the  launch  to  know  about  when  they  were  ai>- 
proacliing  either  end  of  the  run.  The  meter  was  suspended  from  the  bow  o^ibe 
launch  on  a  frame  of  gas-pipe;  this  was  arranged  so  that  it  was  quite  rigid,  and 
the  entire  apparatus  could  be  turned  back  over  the  bow  of  the  launch  or  lowere«l 
into  the  water  at  any  time  with  ease;  when  in  use  the  meter  was  6  feet  ahead  of 
the  bow  and  about  3  feet  below  the  surface.  An  observer  with  a  transit  was 
stationed  at  each  end  of  the  base-line,  which  was  1000  feet  long,  and  one  at  the 
register,  and  another  with  a  time-piece  on  the  launch.  The  launch  was  staned, 
the  helmsman  getting  in  range  with  the  stakes  at  the  other  end  and  preparing 
to  run  with  a  uniform  speed ;  when  within  50  feet  of  the  stake  at  the  near  end 
of  the  run  the  proper  signal  was  given;  at  the  instant  the  pipe  on  which  the 
meter  was  suspended  passed  the  cross-wires  of  the  telescope  the  transit  man  called 
**  time."  The  time  and  reading  of  the  register  were  noted.  The  same  was  done 
at  the  other  end.  The  velocity  of  the  launch  varied  from  1.2  to  8.3  feet  ]wr 
second.  The  day  for  rating  was  calm  and  the  water  smooth;  fifteen  round  trij»s 
were  made,  going  down  and  back,  so  as  to  eliminate  the  effect  of  current,  if  any 
existed.  Taking  the  mean  of  each  trip  down  combined  with  the  next  trip  back, 
and  the  mean  of  each  trip  down  combined  with  the  previous  trip  back,  twenty- 
nine  results  were  obtained.  These  were  plotted  with  reference  to  a  system  of 
rectangular  co-ordinates,  the  velocity  {v')  in  feet  per  second  being  the  abseis-^ 
and  the  revolutions  (w)  per  second  the  ordinate.  The  line  showing  the  relation 
between  them  is  practically  a  right  line,  whose  equation  is  v'  =  aw +6,  in  whiiu 
a  is  the  tangent  of  the  angle  which  the  line  makes  with  the  axis  of  absciss^'is  and 
b  the  distance  from  the  origin  to  the  point  of  intersection  with  the  axis  of  onii- 
natos.  Substituting  llie  observed  values  of  v'  and  n  in  the  above  equation,  form- 
ing twenty-nine  equations,  and  each  one  being  compared  with  all  the  others.  435 
values  of  a  and  6  were  obtained.  The  method  of  least  squares  wjis  applied 
to  these,  and  3.772  was  obtained  for  the  value  of  a,  with  a  probable  error  of 
0.00099,  and  0.091  for  the  value  of  6,  with  a  probable  error  of  0.00402. 

The  party  for  the  survey  consisted  of  two  tissistants,  two  recorders,  one  leads- 
man, two  tidal  observers,  and  five  boatmen. 

Tide-gauges. — A  box  tide-gauge  was  established  at  the  Northwest  Light, 
which  w^as  in  successful  operation  during  the  entire  survey.  A  gauge  was  also 
established  at  Fort  Taylor,  the  object  being  to  obtain  the  difference  in  times  of 
high  and  low  water  between  the  tw'o  places.  No  tidal  constant  is  given  for  the 
Northwest  Bar  in  the  Coast  Survey  tide-tables. 

Base-line, — A  base-line  was  measured  by  driving  stakes,  3x4  inches,  in  the 
sand,  cutting  them  off  to  the  same  elevation ;  they  were  placed  100  fet»t  a{)art, 
and  measurements  made  with  steel  tape,  the  exact  points  indicated  by  knife- 
marks  on  copper  tacks.     The  length  of  the  base  was  6999.3  feet. 

JSigfials. — Platforms  were  erected  for  the  transits  at  East  Base  and  West  Biis<-: 
elsewhere  tripods  were  built  of  4x4  inch  scantling,  25  feet  long,  nailing  the 
edge  of  one  on  to  the  side  of  the  other.  The  schooner  was  anchored  fore-aiid- 
aft  and  the  signal  built  on  the  windward  side;  it  was  then  lifted  with  the  proper 
tackle,  the  lower  ends  spread  out ;   it  was  then  lowered  to  the  bottom,  their 
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sharpened  points  driven  into  the  bottom  of  the  stream  with  mauls,  and  the 
whole  lashed  and  braced. 

2'riangulation. —StSLtions  East  Base,  West  Base,  and  Northwest  Light  were 
occupied  by  transits.  To  the  principal  triangulation-points  the  angles  were 
repeated  at  least  five  times  and  both  verniei's  read.  The  remaining  stations 
were  occupied  with  sextants,  each  station  being  occupied  by  two  observers  sep- 
arately. From  every  station  angles  were  observed  to  the  two  sides  of  all  the 
keys  visible,  as  well  as  to  the  lighthouses  and  the  buoys. 

SoundiiKjs, — ^The  soundings  were  all  taken  from  the  schooner  while  sailing. 
Wlienever  possible,  natural  objects  were  used  for  ranges.  The  principal  lines 
radiated  from  the  lighthouse.  The  use  of  a  steamer  would  have  enabled  direc- 
tions to  be  maintained  more  satisfactorily.  The  soundings  were  located  with  a 
transit  at  the  lighthouse  and  a  sextant  on  boartl  the  schooner,  the  position  of 
the  sextant  with  respect  to  the  leadsman  carefully  noted,  and  topographical 
points  on  the  coral  reef  were  located  by  triangulation. 

Current  Observations. — In    using    the  current-meter    the    yawl  boat  was 
anchored  by  three  100-pound  anchors.    The  bow  of  the  boat  was  towards  the 
waves.    The  meter  was  clamped  on  to  a  piece  of  i-inch  gas-pipe,  3  feet  in  length, 
the  lower  end  of  which  was  loaded  with  10  pounds  of  lead.    To  the  upper  end  of 
the  pipe  a  graduated  line  was  securely  fastened  in  such  a  manner  as  to  be  easily 
detached  when  required.    The  meter  cable,  a  f-inch  tarred  manilla  cable,  which 
was  fastened  to  a  100  pound  mushroom-anchor  on  the  bottom,  was  rove  through 
tliH  gas-pipe  and  led  up  to  the  boat,  together  with  the  graduated  line,  by  which 
th(»  meter  was  suspended  at  the  required  depth.   An  apparatus  had  to  be  designed 
to  (jounteract  the  rise  and  fall  of  the  boat  in  the  seaway.    It  consisted  of  a  frame 
with  two  arras,  10  feet  long,  working  outside  the  boat.     The  arms  were  about  7 
f(^er  apart  at  the  forward  end  and  2  feet  at  the  after  end,  with  a  crosspiece  at 
the  after  end  and  one  about  4  feet  from  the  forward  end.     The  second  crosspiece 
rested  in  chocks  on  the  gunwale  of  the  boat,  and  the  other  swung  clear  of  the 
st(M*n.    Counterpoises  weighing  about  50  pounds  each  were  placed  on  the  forward 
end  of  the  arms.     The  meter  cable,  etc.,  wjis  fastened  to  the  crosspiece  at  the 
after  end.    The  arms  were  halved  into  and  rested  on  the  longer  crosspiece,  and 
the  shorter  crosspiece  was  halved  into  and  rested  on  the  arms.     It  was  fastened 
t()geth(T  by  pins,  wliich  could  be  easily  removed,  and  the  frame  taken  apart  and 
stowed  in  the  boat.    The  counterpoises  were  fitted  over  the  arms  and  fastened 
with  a  pin,  for  which  holes  were  provided  at  intervals  along  the  arms— the  weight 
being  slipped  forward  or  back,  thus  adjusting  it  to  give  the  proper  strain  on  the 
meter  cable.     With  this  arrangement  practice  demonstrated  that  observations 
could  be  conducted  without  hindrance  when  the  boat  rose  and  fell  as  much  as 
6  feet.     At  each  station  occupied,  observations  being  begun  at  slack-water,  if 
possible,  readings  of  the  regist(;r  were  noted  every  five  minutes,  and  the  meter 
was  kept  at  raid-depth  until  it  was  estimated  that  the  maximum  velocity  of  that 
tide  wjis  reached,  when  observations  were  begun  at  different  points  in  the  vertical  ' 
plane.     The  meter  was  retained  at  each  depth  for  two  minutes,  and  the  reading 
of  the  register  noted  each  minute.    The  results  of  these  observations  were  plotted 
on  cross-section  paper,  the  mean  of  the  two  results  at  each  depth  being  used,  and 
a  curve  constructed  that  would  coincide  with  these  points  the  nearest.    This 
curve  was  adopted  as  the  vertical  velocity  curve  of  that  station.    The  ratio  of  the 
mean  velocity  to  the  mid-depth  velocity  as  determined  from  the  curve,  was  used 
as  the  coefficient  for  the  reduction  of  all  mid-depth  velocities  at  that  station. 
From  each  cprve  results  were  taken  for  each  0.2  foot  in  depth,  and  the  mean 
velocity  for  the  stations  determined  from  these  results.    The  velocities  at  differ- 
ent depths  are  taken  off  graphically  as  required.   A  comparison  was  made  between 
the  mean  velocity  (Fin)  and  the  mid-depth  velocity  (Fil>) ;  between  the  depth 
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of  mean  velocity  fillet  (M)  and  the  whole  depth  (D) ;  and  between  the  depth  of 
maximum  velocity  fillet  {d)  and  the  whole  depth.  The  mean  resalta  of  these 
'Comparison  for  all  stations  are  as  follows  : 

"*    =  0.925,      jr  =  0.597,      -^  =  0.198. 


The  first  current  observations  were  taken  with  a  view  of  ascertaining  the 
volume  of  discharge  during  the  ebb  and  flood  tides  in  the  main  channel.  In  com- 
puting the  discharge,  each  tide  was  divided  into  ten  stages  of  equal  duration,  and 
the  cross-section  into  seven  divisions  of  such  size  as  the  shape  of  the  bottom 
required.  The  coefficient  used  in  reducing  the  velocity  at  the  meter  station  to 
that  at  each  division  is  the  ratio  of  the  velocity  on  the  velocity  curve  at  the  same 
proportionate  distance  from  the  axis  of  the  curve  as  the  middle  point  of  the  divi- 
4sion  was  from  the  meter  station  to  the  velocity  of  the  axis.  The  mean  velocity, 
the  discharge  for  each  division  for  each  stage  of  the  tide,  and  the  total  diacharge 
were  obtained  in  this  way. 

The  following  notes  are  taken  from  Report  of  Chief  of  Engineers,  1889  : 

The  current  apparatus  consisted  of  a  mariner^s  wooden  log  for  surface  veloci- 
ties, float  rod  for  mean,  and  double  float  for  bottom  velocities.  The  floats 
were  of  yellow  pine  H  inches  square,  with  w^eight  placed  in  metal  tube  also  U 
inches  square  suspended  from  bottom  of  float,  space  between  the  two  being  left 
for  the  addition  of  shot  to  properly  adjust  the  weight.  These  floats  were  made 
in  sections  of  2  and  15  feet,  securely  connected  by  ferrules  of  yellow  metal  5  to 
10  inches  long.  The  double  floats  consisted  of  hollow  yellow  metal  surface  float, 
an  oblate  spheroid  in  form,  with  axes  of  2^  and  8  inches,  and  a  hollow  cylindrical 
subsurface  float  8  inches  in  diameter  and  8  inches  high,  also  of  yellow  metal, 
suspended  by  means  of  cross- wires  midway  between  ends.  Spar  baoys  were 
moored  at  stations;  a  float  line  80  feet  long  was  graduated  into  20- foot  distanees 
from  ends  and  then  into  25-foot  distances.  This  was  fastened  to  the  log,  which 
was  set  with  its  face  normal  to  the  currenl,  and  when  the  20- foot  mark  on  the 
line  was  reached  ^*  time"  was  called,  and  when  the  whole  line  was  run  out  time 
was  called  again ;  by  a  sudden  jerk,  the  bottom  of  the  log  was  released  from  its 
lines,  and  floating  flat  on  the  water  it  was  drawn  back  to  the  boat.  The  mag- 
netic bearing  of  the  direction  taken  by  the  floats  or  log  was  observed.  A  sim- 
ilar method  was  adopted  for  the  single  and  double  floats.  The  lower  of  the 
double  floats  could  be  immersed  to  any  depth;  the  single  float  reached  nearly  to 
the  bottom.  In  this  manner  the  surface  velocities  were  obtained,  also  those  at 
any  depth  from  surface  to  bottom,  and  also  the  mean  velocities. 

Soundings, — The  soundings  were  taken  on  radial  lines  centring  at  the  Ugbt- 
house;  the  angle  between  adjacent  lines  was  8**.  In  order  to  avoid  confusion  by 
lines  too  close  together  near  the  lighthouse,  the  launch  was  directed  on  one  of 
the  outside  lines  radiating  from  the  lighthouse;  it  then  returned  on  the  adjoining 
line,  but  some  distance  from  the  lighthouse  it  turned  off  the  second  line  on  to  the 
third,  and  went  forward  on  this  line  as  far  as  desired,  then  returned  on  the 
fourth  line  close  up  to  the  lighthouse,  and  for  the  next  set  of  lines  the  same 
operation  was  repeated.  The  launch  was  kept  on  the  lines  by  means  of  signals 
from  the  lighthouse.  Soundings  were  taken  at  intervals  of  2  minutes,  and  their 
positions  located  by  transit  angles  from  the  lighthouse  and  sextant  angles  from 
the  launch  taken  simultaneously.  The  progress  was  from  3  to  4  miles  per  day. 
Some  cross-lines  were  run  and  soundings  taken. 

From  report  for  1889,  Part  II,  page  1307: 

Survey  of  St.  Johii's  River. — In  observing  velocities  with  the  current  meter, 
the  instrument  was  placed  1  foot  from  the  bottom,  and  register  read ;  at  the 
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cud  of  ^  minutes,  register  read  again,  instrument  then  raised  8  feet,  and  the- 
operation  repeated;  and  so  on.  In  heavy  seas  weighted  poles  and  floats  attached 
to  graduated  lines  were  used,  the  former  for  mean  velocities  and  the  latter  for 
surface  velocities. 

Direction  of  Cu7rent.—This  was  obtained  at  bottom,  mid- depth,  and  surface 
by  means  of  surface  and  subsurface  floats  connected  by  flne  cords.  The  floats^ 
were  dropped  from  a  boat  and  allowed  to  run  for  a  distance  of  160  feet,  and  the 
direction  noted. 

Borings  were  made  with  small  pipe  inserted  in  a  larger  one  and  sunk  by 
water- jet;  the  material  passing  up  between  the  large  and  small  pipe,  1^  and  1 
inch  respectively,  furnished  samples  of  the  underlying  strata. 

Water  Samples. — Water  samples  were  taken  by  an  apparatus  invented  by 
Lt.  D.  D.  Gaillard.  Two  iron  plates  1  foot  square  and  i  thick  were  held  by  four 
iron  pins,  leaving  a  1-inch  space  between  them;  A  pipe  1  foot  long,  for  anchor- 
line,  was  fastened  through  the  centre  of  the  plates.  The  pump  was  connected 
with  a  hose  coupled  to  a  nipple  passing  through  the  upper  plate.  By  this 
arrangement  only  the  water  found  between  the  plates  at  the  time  and  depth 
could  be  pumped  up.  The  anchor-line  passed  through  the  short  pipe  and  was 
fiistened  at  the  bottom;  the  apparatus  could  be  raised  or  lowered  along  the  anchor 
line. 

RIVER  SURVEYS. 

The  following  general  description  of  the  stadia  method  of  making  river  sur- 
veys is  abstracted  from  the  Engineering  Record,  February  9,  1895,  containing 
an  article  written  by  J.  L.  Van  Ornum:  '*For  a  complete  survey  of  a  river, 
where  latitudes  and  longitudes  as  well  as  the  most  exact  location  of  all  the  salient 
features  of  the  river  and  its  surrounding  territory  are  desired,  no  method  can 
supplant  a  complete  triangulation  system.  But  for  any  ordinary  river  survey 
the  stAdia  method  furnishes  the  best  system,  both  because  of  its  economy  and 
efliciency;  not  so  accurate,  of  course,  as  triangulation,  yet  its  accuracy  is  amply 
suflicient  for  survey,  for  navigation,  or  for  improvements,  or  for  any  purpose  up- 
to  the  most  rigorous,  if  it  is  in  the  scope  of  the  method.  This  scope  limits  it  ta 
rivers  not  much  more  than  one  half  mile  in  width,  because  the  location  of  the 
soundings  as  well  as  the  meanderings  of  the  river  banks  is  made  by  the  stadia, 
and  the  sights  must  be  kept  within  practicable  limits  of  length.  While  in  the 
stadia  surveys  one  party  or  more  may  be  employed,  the  use  of  one  party  is  only 
applicable  to  the  smaller  navigable  rivers,  and  for  ordinary  purposes  on  them  is 
reliable.  The  writer,  however,  recommends  for  complete  surveys  five  parties,  dis- 
tributed as  follows  :  two  transit  parties,  two  level  parties,  and  one  hydrographie 
party.  £ach  transit  party  consists  of  a  transitman,  two  stadiamen,  and  a  boat- 
man with  a  boat.  All  measurements  are  taken  with  stadia  and  directions  by^ 
successive  azimuths.  Reciprocal  sights  for  azimuths  and  distance  should  b& 
exchanged  between  transitmen  every  2  or  8  miles.  Such  sights  furnish  data 
from  which  the  latitudes  and  departures  of  these  circuits  are  computed,  thus 
checking  the  work  in  the  field.  If  an  error  of  magnitude  in  either  azimuth  or 
in  latitudes  and  departures  is  discovered,  the  field-work  in  the  circuit  is 
retra<»d  and  the  error  found  and  corrected.  The  average  error  of  closure 
should  not  exceed  yf^,  and  of  azimuth  not  more  than  8  feet  per  mile.  The 
extreme  limits  allowed  should  not  exceed  double  these  amounts.  The  topo- 
graphical  points  and  points  located  for  the  hydrographic  and  level  parties  will 
be  made  by  secondary  (side)  sights  from  the  occupied  stations  of  the  closed  lines. 
If  practicable  one  transit  party  works  on  each  bank  of  the  river,  meandering  its 
own  bank,  and  taking  the  topography  of  the  adjacent  country  back  to  the  highest 
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flood-line,  where  practicable.  The  transitman  has  the  general  supervision  of  the 
survey,  while  the  sounding-boat  is  under  the  immediate  charge  of  the  recorder. 

A  level  party  works  on  each  bank,  carrying  forward  its  level  line.  Each 
pai'ty  has  a  levelman,  one  rodman,  and  one  boatman  with  a  boat.  Each  party 
should,  on  its  own  bank,  keep  as  nearly  as  possible  abreast  of  the  hydio- 
graphic  party,  and  take  the  elevation  of  water  surfaces  (located  by  the  traD&;t 
parties)  at  the  time  and  place  of  sounding  as  frequently  as  is  necessary— i.e., 
very  frequently  at  bars  or  shoals,  and  less  so  at  pools. 

The  hydrographic  party  is  charged  primarily  with  making  the  sounding 
wbich  are  located  by  angle  and  stadia.  It  consists  of  a  transitman  (with  his 
own  boatman  and  boat)  and  a  large  sounding  skiff  carrying  a  recorder,  sietn*- 
man,  leadsman,  stadiaman,  and  two  or  three  oarsmen.  The  leadsman  is  in  the 
bow  of  the  boat,  and  the  st^iaman  close  to  him,  with  his  stadia-rod  always  verti- 
cal and  facing  the  transitman.  The  steersman  keeps  the  boat  on  the  desired  iin<^, 
And  the  leadsman  takes  the  sounding  (with  lead-line  or  sounding-pole)  as  fre- 
<{uently  as  desired,  calling  to  the  recorder  the  depths  and  character  of  the  river- 
bed. 

At  the  same  time  the  transitman  is  taking  his  observations  of  stadia  reading 
and  angle  fis  frequently  as  possible,  each  location  being  timed  to  coincide  with 
the  vertical  lead-line,  and  the  vertical  hair  being  directe<l  to  the  lead-line  for  the 
an;;ular  reading ;  the  stadia-rod  being  so  close  to  the  lead-line  makes  it  practi- 
cable to  read  the  stadia  interval,  although  it  is  not  in  the  centre  of  the  field.  Tlie 
transitman  records  his  observed  stadia  interval  and  then  reads  and  records  the 
corresponding  angle,  thus  fixing  the  position  of  the  sounding  by  polar  co-ordi- 
nates. The  accuracy  of  the  readings  on  the  stadia-rod  held  in  the  boat  depends 
mainly  on  care  on  the  part  of  the  transitman ;  the  stadia-rod  should  be  well 
braced  at  the  bottom,  and  the  stadiaman  should  have  a  high  and  firm  seat  to 
enable  him  to  hold  his  rod  steadily  in  a  vertical  position.  £.xperience  and  prac- 
tice will  enable  all  parties  to  perform  their  approximate  duties  effectively. 

The  positions  of  the  transit  are  arbitrarily  chosen  to  the  best  advautage,  as 
determined  by  the  meanderings  of  the  river,  and  are  from  one-fourth  mile  to  one 
mile  apart.  Whenever  the  sounding-lines  have  been  extended  a  sufficient  dis- 
tance beyond  the  transit  station,  it  is  marked  by  a  flag,  and  the  transitman  with 
his  transit  is  carried  in  his  own  boat  to  the  next  advantageous  location  for  his 
station,  while  the  sounding-boat  remains  in  position,  and  observations  are  made 
from  the  new  station,  as  already  described.  Preparatory  to  measuring  the  loca- 
tion angles  of  soundings,  the  zero  of  the  horizontal  limb  of  the  transit  is  always 
8et  either  on  one  of  the  stations  previously  occupied  by  the  transit  or  on  a  station 
established  for  the  purpose  and  marked  by  a  flag. 

The  rate  of  progress  for  the  complete  survey  varies  from  a  mile  to  a  mile  and 
one  half  per  day.     The  cost  is  from  $60  to  $70  per  mile. 

''  The  advantages  of  the  stadia  system  are,  then,  economy,  elasticity  of  adap- 
tation to  circumstances,  moL*e  numerous  and  accurate  location  of  soundings  than 
usual,  and  an  adequate  and  complete  instrumental  oversight  of  the  work  at  the 
time." 

The  following  detailed  description  of  the  surveys  of  the  Savannah  River  will 
be  interesting  and  instructive  in  this  connection : 

SURVEY  OF  THE  SAVANNAH  RIVEH. 

The  following  description  of  the  survey  of  the  Savannah  River  is  taken  from 
the  report  of  the  Chief  Engineer  for  the  year  18d0  : 

For  the  first  five  miles  the  party  consisted  of  the  assistant-engineer,  rodman, 
two  chainmen,  and  two  boatmen  or  laborers.  In  general  the  transit-line  was  raa 
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parallel  to  the  river,  beginning  at  the  City  Bridge  in  Augnsta,  and  ending  below 
Blue-House  Bar.  In  running  the  line  both  bearings  and  intersecting  angles  were 
taken,  and  the  bearings  were  corrected  to  agree  with  the  angles.  Distances  along 
t tie  line  were  measured  with  the  steel  tape,  and  plugs  with  tacks  in  them  set  at 
overy  100  feet  or  oftener,  and  also  at  angle-points.  Where  the  line  crossed  the 
river  the  distance  across  was  determined  by  triangulation.  The  shore-line  on 
one  side  of  the  river  was  determined  by  direct  measurements  from  the  transit- 
line;  the  opposite  shore  and  bank  lines  were  run  in  by  angles  and  stadia  distances. 
Wliarves,  bridges,  and  jetties  were  also  accurately  located  with  respect  to  the 
t  ransit-line. 

The  soundings  were  taken  upon  ranges,  the  lines  running  about  at  right 
angles  to  the  river,  at  from  50  to  600  feet  apart.  These  ranges  were  laid  off  at 
detlnite  angles  from  the  meander-line.  Soundings  at  the  less  important  places 
were  spaced  by  time,  checked  by  proportional  distances  to  each  bank. 

At  Blue- House  Bar,  where  a  number  of  soundings  were  necessary  in  order  to 
«show  the  exact  nature  of  the  bottom,  the  soundings  were  accurately  located  by 
intersections  in  the  following  manner  :  Two  flags  were  established  on  the  sand- 
bar, higher  up  the  river,  in  such  positions  that  from  all  points  upon  the  area  to 
be  sounded  one  of  them  was  projected  against  the  railway  bridge  above.  With 
each  sounding  on  the  cross  ranges  was  also  recorded  the  point  with  reference  to 
the  piers  and  panel  points  of  the  various  spans  against  which  one  of  the  flags 
was  projected. 

From  the  old  bench-mark  and  the  river-gauge  at  Augusta  a  line  of  check- 
levels  was  run  with  a'**  wye-level "  to  a  point  below  Blue-Honse  Bar.  The  slope 
of  the  river  at  various  stages  of  the  water  was  carefully  determined,  and  one  or 
more  permanent  bench-marks  were  established  at  each  bar. 

Below  Blue-House  Bar  the  party  consisted  of  the  assistant  or  transitman, 
rodman,  pilot,  four  boatmen,  and  a  cook,  who  lived  on  a  biirge  or  floating  house 
constructed  for  the  purpose.  When  detailed  surveys  were  made  the  entire  crew 
was  employed.  The  general  survey  was  conducted  as  follows  :  The  transit  was 
set  up  near  the  edge  of  the  river  at  a  convenient  point  with  reference  to  clear 
and  unobstructed  back  and  fore  sights  of  convenient  lengths.  A  sight  was  taken 
on  a  rod  upon  a  stake  at  the  point  of  beginning,  and  the  compass  bearing,  stadia 
distance,  and  level  reading  carefully  noted.  With  the  transit  remaining  fixed, 
the  rodman  went  ahead,  taking  a  turning-point  on' a  stake  or  fixed  point  near  the 
edge  of  the  water,  in  such  a  position  that  it  could  be  readily  observe<l  from  both 
that  and  the  subsequent  position  of  the  transit.  The  transitman  would  then,  as 
before,  note  bearing,  distance,  and  level  reading  on  the  rod  in  this  position,  after 
winch  the  transit  would  be  moved  to  a  position  below  the  rodman,  and  take  the 
back  bearing,  distance,  and  level  reading.  The  rod  and  instrument  were  moved 
from  position  to  position  precisely  as  in  levelling.  At  each  position  of  the  transit 
its  elevation  above  the  water-level  adjacent  was  determined  by  means  of  the 
sounding-pole  used  as  a  level-rod,  and  the  time  noted.  The  elevation  of  each 
turning-point  above  the  water-level  was  determined  by  direct  measurements,  and 
also  noted.  Turning-points  were  always  taken  upon  stakes  or  fixed  points.  In 
cnses  where  it  was  not  possible  to  take  a  sight  from  or  to  the  bank,  stakes  about 
12  feet  long  were  driven  in  deep  water  upon  which  to  hold  the  rod.  Besides  the 
location  of  the  turning-points,  there  was  always  noted  from  each  position  of  the 
transit  the  bearing  of  the  shore  both  above  and  below  for  estimated  distances, 
the  direction  of  points  and  of  lines  passing  tangent  to  points  or  rounds  with  es- 
timated distances,  and  the  directions  and  distances  to  islands  or  other  objects, 
which  would  aid  in  procuring  an  accurate  map. 

In  going  from  one  position  to  the  next  the  rodman  would  pass  the  transit 
near  the  opposite  shore  with  rod  held  vertically  in  the  bateau,  and  the  width  of 
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the  river  would  be  obtained  directly  by  stadia,  with  no  delay  of  the  work.  Froia 
data  thus  obtained  sketches  were  made  in  the  field,  and  the  positions  of  the 
channel,  and  of  snags,  overhanging  trees,  and  other  obstructions,  were  sketcheil. 

In  passing  from  one  position  to  the  next  below,  the  transitmau's  boat  was 
placed  at  once  in  the  channel  and  kept  there  under  the  direction  of  the  pilot, 
who  took  soundings  every  50  to  500  feet,  as  was  deemed  necessary.  The  sound- 
ings  were  taken  with  an  iron-shod  pole  16  feet  long,  graduated  to  feet  and  tenths. 
In  passing  down  the  river  the  transitman  would  note  the  height  and  character 
of  the  banks,  the  size  and  kinds  of  trees  and  brush,  the  size  and  deptl'.s  of 
streams,  the  positions  of  landings,  bluffs,  shoals,  rocks,  etc.  The  instrument  u<»r<i 
was  a  Brandis  transit  (No.  584),  with  level  bulb  under  the  telescope  and  a  4|-ii). 
needle.  The  stadia-rod  used  was  16  feet  long  and  4  inches  wide  ;  upon  the  white 
background  of  the  rod  every  alternate  tenth  was  black,  and  one  tenth  of  a  font 
square.  Modifications  of  the  black  squares,  which  would  quickly  catch  the  eye, 
were  made  to  show  the  even  feet  and  half  feet.  The  tenths  of  the  even-num- 
bered feet  were  on  the  left  side  of  the  face  of  the  rod,  and  those  of  the  od<I- 
numbered  feet  on  the  right  side. 

The  figures  on  the  rod  were  large  enough  to  be  easily  road  at  a  distance  of 
2000  feet.  For  the  purpose  of  distinguishing  the  feet  more  clearly  on  the  long: 
sights,  the  edges  of  the  rod  were  painted  alternately  black  and  white  in  feet, 
the  edge  adjacent  to  the  black  tenths  on  the  face  being  black.  With  the  comers 
of  the  rod  presented  to  the  instrument  the  foot  graduations  would  then  become 
very  prominent. 

The  stadia-wires  in  the  transit  had  not  been  adjusted,  and  a  slight  correction 
was  found  necessary.  From  a  series  of  observations  made  at  the  begin nini;  of 
the  work,  the  length  of  the  sight  in  feet  was  found  to  be  102a?  +  1,  in  which  x 
was  the  stadia  interval  in  feet.  Sights  from  1600  to  3200  feet  were  measured  by 
doubling  the  half  interval,  it  having  been  found  from  the  observations  mentioned 
above  that  the  intervals  on  either  side  of  the  middle  wire  were  equal.  With  the 
telescope  used  the  rod  could  be  read  to  the  nearest  tenth  with  certainty  at  a  halt* 
mile  or  more.  Sights  up  to  3800  feet  were  taken,  when  from  the  nature  of  the 
surroundings  positions  could  not  be  taken  nearer  without  a  great  sacrifice  of 
time.  The  ordinary  sight  was  about  1000  to  1200  feet.  At  this  distance  the  nxi 
could  be  easily  read  to  jiff  of  a  foot  in  elevation.  No  attempt  was  made  to  keep 
back  and  fore  sights  of  equal  length.  All  sights  were  corrected  for  cunrature  and 
refraction,  using  the  formula 

Correction  =  -  Ifgofo)'^  0.5714  j  feet, 

in  which  x  =  length  of  sight  in  feet.    This  is  based  upon  a  correction  for  curva- 

0.667 
ture  of  —  0.667  foot  per  mile,  and  a  mean  correction  for  refraction  of  -h  -y 

foot  per  mile.  From  the  formula  a  table  was  constructed,  giving  the  mean  lnjf- 
rection  to  hundredths  of  a  foot  for  all  distances  up  to  8500  feet.  The  insirumeLt 
was  kept  in  perfect  adjustment  during  the  entire  survey. 

LEVELS. 

It  was  found  that  the  elevation  determined  by  this  survey  ia  3.16  feet  lower 
than  that  given  by  a  line  of  levels  running  from  Augusta  to  Milledgeville  along 
the  Georgia  Railroad,  a  distance  of  about  90  miles,  and  down  the  Cknmee  and 
Altamaha  rivers  to  the  sea,  a  distance  of  about  281  miles.  How  closely  the  levels 
were  run  on  the  Georgia  Railroad  is  not  known,  but  if  the  probable  error  of  rail- 
road levels  can  be  measured  by  any  considerable  portion  of  a  variation  of  40 
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feet  in  140,  among  five  roads,  we  can  place  little  confidence  in  their  resalts.  A 
discrepancy  of  only  3.16  feet  in  a  circuit  of  abont  90  miles  of  railroad,  nearly 
500  miles  of  river,  and  about  100  miles  of  ocean  shows  what  may  be  called 
excellent  work.  Considering  the  purpose  for  which  the  levels  were  taken,  an 
accumulative  error  of  5  to  10  feet  on  the  Savannah  Eiver  would  by  no  means 
vitiate  the  results. 

The  line  of  transit-levels  was  checked  on  the  upper  five  miles  and  on  the 
lower  14  miles  with  a  wye-level.  In  the  6-mile  section  a  difference  in  the  two 
lines  of  less  than  0.1  .foot  was  found,  and  on  the  14-mile  section  the  levels 
checked  w^ithin  0.34  foot.  The  wye-level  determinations  were  in  each  case  taken 
as  the  correct  ones. 

DETAILED  SURVEYS. 

Below  Blue-House  Bar  twelve  detailed  surveys  were  made.  The  usual 
method  employed  in  making  these  surveys  was  as  follows :  The  transit  was  set 
up  at  some  point  commanding  the  whole  bar.  A  sight  on  the  stadia-rod  at  the 
last  turning-point  located  the  instrument.  The  sounding-crew  consisted  of  the 
rodman,  as  recorder,  in  charge  of  the  boat ;  the  pilot,  with  a  sounding-pole  ;  a 
boatman  to  hold  up  the  stadia-rod;  and  two  oarsmen.  The  rodman  was 
instructed  where  to  sound,  and  occasionally  for  his  guidance  ranges  or  flags 
were  established  on  shore.  The  work  would  then  proceed,  the  position  of  second 
or  third  sounding  being  located  by  transit  angle  and  stadia  distance.  The 
transitman  would  give  a  signal  with  each  position  located  ;  the  signal  being  seen 
by  the  man  holding  the  stadia-rod  would  be  entered  in  the  sounding-book  oppo- 
site the  depth  at  the  position.  Instead  of  ideniifyiug'the  signals  by  means  of 
time,  as  is  usual  when  two  transits  are  used,  different-colored  flags  were  em- 
ployed for  that  purpose.  A  number  of  modifications  of  this  system  were  adopted 
as  the  case  required.  In  a  few  places,  where  the  river  was  narrow,  a  number 
of  flags  were  located  by  compass  and  stadia  along  either  shore*  and  soundings 
taken  from  flag  to  flag.  In  all  cases  where  time  soundings  were  taken  they  were 
checked  by  proportional  distances  from  either  shore. 

In  most  cases  where  detailed  surveys  were  made  bench-marks  were  estab- 
lished near  the  bars.  These  were  also  established  along  the  river  at  convenient 
intervals.  They  were  cut  as  usual  upon  the  roots  or  trunks  of  trees  ;  the  **sap'* 
in  all  cases  was  cut  away  to  prevent  ''  growing  over.^^  The  bench  was  cut  so  as 
to  leave  a  definite  projecting  point,  into  which  four  nails  were  usually  driven. 
The  cuts  were  so  made  that  no  water,  to  cause  decay,  would  stand  in  the  notches. 

GENERAL  MAPS. 

Except  as  to  levels  taken,  the  general  maps  exhibit  about  all  the  information 
collected  on  the  survey.  A  dotted  line  shows  the  position  of  the  best  steamboat 
channel.  The  soundings  given  are  not  reduced  to  low  water,  but  at  the  beginning 
and  ending  of  each  day's  work  are  notes  giving  the  stage  of  the  river  existing  at 
the  time.  In  places  where  the  bottom  could  not  be  reached  by  a  pole  16  feet 
long  the  sounding  was  entered  as  *'N.  B."  Positions  of  trees  or  logs  in  the 
channel  are  shown  by  **  t"  or  **1."  Marginal  notes  indicate  particularly  bad 
obstructions,  whether  logs,  snags,  or  overhanging  trees.  The  traverse-line  of 
the  survey  is  given  in  a  light,  full  line  ;  transit  points  are  indicated  thus,  A,  and 
rod  points  0.  The  former  are  usually  accompanied  by  numbers  and  the  latter 
by  letters.    The  nnmberg  begin  anew  each  day,  or  as  often  as  necessary  to  avoid 

higher  numbers  than  10  or  12.    Bench  marks  are  shown  thus     (o)     ^'*^  ***®^^ 
descriptions  given  in  marginal  notes.   Their  elevations  are  given  above  mean  low 
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water  at  Fort  Pulaski,  as  determined  by  the  United  States  Coast  and  Ge^nietie 
Survey  in  1874.  All  the  more  important  landings  on  the  river  are  located  aii<i 
named.  The  larger  creeks,  branches,  and  **  breakovers  "  are  shown  on  the  map. 
with  estimated  low- water  dimensions.  Systems  of  hachure-lines  are  shown  aloni^ 
the  river-banks ;  where  they  are  above  20  feet  in  height,  each  system  represtnus 
a  difference  in  level  of  about  20  feet.  The  bank  heights  given  are  estimate«i 
above  the  existing  stage  of  water.  Those  parts  of  the  river  or  of  its  branches  d*  i 
in  sight  from  the  main  channel  are  sketched  in  from  the  best  information  avail- 
able, and  are  not  presumed  to  be  correct,  except  in  the  lower  13  miles  of  the 
river,  where  the  parts  remote  from  the  channel  were  taken  from  the  U.  S.  Coa>i 
Survey  Chart  of  1857. 

DETAIL  MAPS. 

On  the  detail  sheets  the  top  of  the  immediate  banks  and  low-water  lines  are 
shown.  The  soundings  on  these  sheets  are  reduced  to  low  water.  Boitoai 
contours  of  2,  4,  6,  8  feet,  and  often  of  5  feet,  are  shown. 

Lines  at  the  centre  and  sides  of  the  best  channel,  80  feet  wide,  are  also  sbowii. 
Accompanying  the  plat  in  each  case  is  a  longitudinal  section  of  the  channel  at 
the  shoal.  Upon  these  sections  are  shown  the  surface  of  the  water  at  the  ume 
the  soundings  were  taken ;  the  assumed  low-water  line,  a  line  representing  tht? 
bottom  of  the  river  in  the  centre  of  the  channel,  and  another  line  showing  th<j 
least  depth  in  the  channel  80  feet  in  width. 

In  addition  the  2,  4,  5,  6,  and  8  foot  contours  are  projected  on  the  section. 
Positions  every  100  feet  along  the  channel-line  are  marked  with  letters,  agreeinc 
with  the  same  positions  shown  on  the  section.  The  height  of  local  low  wat^r 
above  the  sea  and  the  description  and  elevation  of  bench-marks  are  also  given. 
The  detail  maps  between  Augusta  and  Blue-House  Bar  show  the  exact  posit io!:?' 
of  all  jetties  constructed.  Where  the  bank  and  low- water  lines  of  1886  and  li^^T 
differ  from  those  of  this  survey  they  are  shown  in  colored  lines.  The  cutting  vr 
filling  of  the  banks  is  thus  shown  at  a  glance. 

RIVER-GAUGES. 

Several  gauges  were  established  along  the  river  and  gauge-readers  employed 
The  zero  was  determined  with  reference  some  pre-established  datum.  Also,  while 
the  survey  was  in  progress  a  river-gauge  was  kept  at  the  house  boat.  As  soon  a* 
the  boat  stopped,  for  whatever  length  of  time,  a  gauge  was  put  out  and  read  at 
such  intervals  as  would  give  the  changes  in  the  stage  of  water.  The  amount  of 
rise  or  fall  in  the  river  during  the  night  was  determined  instrumental ly  each 
morning  on  continuing  the  survey. 

GAUGINGS. 

The  methods  employed  in  gauging  the  river  were,  in  general,  as  follows : 
A  suitable  place  having  been  chosen,  a  base-line  200  feet  in  length  and  :t> 
nearly  parallel  as  possible  to  the  main  current  was  laid  off  along  the  river-bank. 
From  either  end  of  the  base-line  sections  at  right  angles  to  it  were  marked  oui. 
and  soiuulings  on  these  lines  carefully  taken.  The  position  of  every  second  vr 
third  sounding  was  located  from  shore  by  means  of  transit  and  stadia.  Vir^ 
velocities  of  the  stream  were  determined  by  means  of  loaded  rod-floats.  TIn- 
floats  were  dropped  from  a  boat  a  short  distance  above  the  upper  section  raD^'e> ; 
the  position  of  crossing  the  upper  range  wiis  determined  by  a  transit  on  \hy 
range  at  the  upper  end  of  the  base-line  with  a  stadia-rod  in  the  boat  closi^iy  f"i- 
lowing  the  path  of  the  float  ;  the  position  of  crossing  the  lower  range,  200  feet 
below,  was  determined  by  an  angle,  taken  with  the  transit,  between  the  b:i>e- 
line  and  float.     The  time  of  crossing  each  range  was  taken  to  the  nearest  seooiui. 


BIVER  AND   HARBOB  SURVEYS.  1523 


Floats  were  run  across  these  sections  every  10  to  25  feet,  depending  upon  the 
sectioQ  of  the  river  bottom.  The  height  of  the  surface  of  the  stream  during  the 
sounding  of  the  section  and  the  gauging  were  taken  from  a  temporary  gauge, 
referred  in  each  case  to  one  or  two  permanent  bench-marks.  A  plat  is  ma'de  to 
proper  scale,  showing  the  ranges  and  so  much  of  the  river  as  is  necessary. 
The  path  of  each  float  is  shown  upon  the  plat.  Cross-sections  of  the  river-bed 
4ire  shown  at  both  upper  and  lower  ranges.  A  third,  and  mean  cross-section  is 
constructed  on  a  line  midway  between  the  ranges,  with  depths  of  water,  where 
each  float  crosses  this  intermediate  line,  equal  to  a  mean  between  the  depths  of 
the  water  under  the  points  where  the  float  intersects  each  of  the  ranges.  In 
general,  the  longest  floats  which  would  not  drag  the  bottom  were  used.  The 
mean  velocity  for  any  vertical  is  determined  from  the  rod  velocity  by  the  fol« 
lowing  formula  : 

F*  =  FrLl  -  0.116(i^-  X)]; 

an  which 

V^  —  mean  velocity  for  the  vertical ; 
Vr  =  velocity  of  the  rod  ; 

distance  between  the  bottom  of  the  rod  and  the  river-bottom 


D    = 


depth  of  river 


9 


and  a;  is  a  function  of  — ,  I  being  the  length  of  the  rod  and  d  the  depth  of  the 

d 

^ater.    For  the  various  values  of  -r  the  following  values  of  x  are  used : 

I 

When                  :7  =^^  x=  +  0.10 

^       0.8  +  0.05 

0.7  0.00 

0.6  -  0.05 

0.5  —0.10 

When  —  =  -H  0.9  or  more,  the  formula  is  that  given  by  Mr.  James  B.  Francis 
d 

in  the  **  Lowell  Hydraulic  Experiments." 

From  the  mean  of  the  velocities  and  mean  section  the  discharge  is  determined. 

When  the  river-bottom  was  not  reasonably  regular  or  vyhen  greater  accuracy  was 

desired,  a  middle  section  was  also  sounded  out  and  a  mean  section  determined 

in  the  manner  mentioned  above,  double  value  being  given  to  the  middle  section. 

Hydrographical  Survey  of  the  Lower  Savannah  River. 

tidal  observations. 

Tide-gauges  were  established  at  fourteen  places,  and  upon  these  continuous 
readings  every  five  minutes  were  made  from  sunrise  to  sunset  during  the  first 
three  weeks  of  the  survey,  and  for  some  time  subsequently,  at  high  and  low  water. 
As  many  as  250  high  and  an  equal  number  of  low  water  observations  of  time  and 
heij^ht  were  obtained  on  each  of  the  standard  gauges.  These  were  considered  as 
sufficient  for  forming  a  satisfactory  basis  of  the  tidal  part  of  the  survey. 

From  these  were  deduced  the  corrected  establishment;  mean  lunitidal  interval 
of  low  water;  mean  duration  of  rise  and  fall;  height  above  mean  low  water  at 
Fort  Pulaski  of  both  high  and  low  water ;  mean  rise  and  fall.  The  highest 
high  water  and  lowest  low  water  observed  at  the  standard  gauges  were  recorded^ 
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From  the  distances  between  the  tide-gauges  and  the  times  of  high  and  low 
water  the  duration  and  rate  of  propagation  were  found. 

CURRENT    OBSERVATIONS. 

"  Turning  now  to  the  discussion  of  the  most  important  part  of  the  survey,  viz.» 
the  current  observations,  it  seems  pertinent  first  of  all  to  mention  the  general 
conditions  under  which  they  were  made  and  the  method  adopted  to  reduce  their 
results  to  uniform  mean  conditions.  The  two  factors  determining  the  flow  are 
the  volume  of  the  tidal  prism  and  the  amount  of  fresh  water  flow,  both  of  which 
are  variable  and  will,  therefore,  in  their  combination  produce  an  almost  endless 
variety  of  results.  Any  measurement  of  ebb  outflow  or  of  flood  inflow  eao, 
therefore,  be  of  value  only  if  the  conditions  are  stated  under  which  they  were 
executed;  and,  in  order  to  utilize  a  number  of  such  results  obtained  at  varioos 
times,  they  should  be  reduced  to  the  uniform  basis  of  mean  volume  of  tidal 
prism  and  mean  fresh-wat<er  flow.  The  first  correction  has  been  made  by  assom- 
ing  the  rise  and  fall  of  tide  to  be  directly  proportional  to  the  volume  of  the  tidal 
prism,  and  consequently  to  the  entire  outflow  or  inflow  through  a  given  cross- 
section.  The  second  correction  has  been  made  by  reference  to  the  obaervatioDS 
at  the  Augusta  gauge,  a  reading  of  10  feet  on  the  same  having  been  assumed  as 
representing  a  mean  state  of  the  upper  river,  and  consequently  of  the  fr»b- 
water  flow. 

*^  It  is  generally  accepted  that  the  conditions  existing  in  the  river  at  Augusta 
make  themselves  felt  at  Savannah  eight  days  later,  and  with  this  assumption  the 
figures  given  in  a  table  of  gauge-readings  and  corresponding  discharge  in  cubie 
feet  per  second  at  Augusta  were  applied  to  the  results  of  current  ob^rvatioos ; 
in  this  way  any  excess  of  fresh-water  flow  above  the  mean  was  subtracted 
from  the  ebb  outflow  and  added  to  the  flood  inflow,  while  any  deficiency  was 
added  to  the  former  and  subtracted  from  the  latter.  The  weak  point  in  the 
method  consists  in  the  difficulty  of  determining  accurately  the  time  when  a  given 
condition  of  the  river  at  Augusta  makes  itself  felt  at  Savannah,  and  furthermore 
in  the  fact  that  only  the  variations  of  fresh-water  flow  in  the  upper  river  were 
considered,  while  those  below  Augusta  were  ignored." 

The  first  deficiency  will  depend  upon  whether  the  changes  in  the  river  daring 
the  time  are  slight  and  gradual,  or  great  and  sudden.  In  the  survey  under  con- 
sideration changes  were  slight,  ranging  from  8  to  10  feet  by  gauge-readings;  and 
the  corrections  for  fresh- water  flow  were  small.  The  second  deficiency  depends 
upon  the  relative  dimensions  of  the  river-basin  above  and  below  Augusta  (2  to  1), 
and  the  character  of  the  basin.  In  this  case  the  country  below  is  flat,  and  the 
conditions  are  such  that  the  evaporation  and  absorption  are  large,  and  the  dii^act 
flow  from  the  drainage  area  into  the  river  correspondingly  small. 

The  instruments  used  for  making  the  current  observations  were 

(1)  Ellis  meter  **A"; 

(2)  **        **      '*B"; 

(3)  Stackpole  propeller-meter.  No.  1; 

(4)  ''  **  **      No.  3; 

—all  provided  with  electrical  recording  attachment. 

The  rating  of  the  meters  **A,"  **B,"  and  8  was  done  by  moving  them 
through  still  water  at  various  rates  of  speed.  The  results  obtained  were  expressed 
by  the  equation 

y  =  aa?  +  6, 

in  which  y  =  velocity  of  current  in  feet,  x  =  number  of  revolntioiis  per  second, 
and  a  and  b  constants  found  from  the  process  of  rating  by  plotting  the  resuIts^ 
obtained,  making  x  the  abscissas  and  y  the  ordinates,  measured  from  rectangoiar 
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co-ordinate  axes.  The  equation  is  that  of  a  straight  line  cutting  the  axis  of  y  at  6 
distance  from  the  origin,  and  making  an  angle  with  the  axis  of  x  whose  tangent 
is  a. 

The  record  of  the  wheel  was  given  by  an  ordinary  electric  sounder  or  by  a 
bell  register  inserted  in  the  electric  conduit.  The  general  arrangement  of  the 
apparatus  in  the  boat  and  the  method  and  appliances  for  lowering  and  raising  the 
meter  are  similar  to  those  described  in  the  Report  of  the  Ohief  Engineer  U.  8. 
Army  for  1875,  pages  808  and  809.  The  meter  was  always  suspended  from  the 
bow  of  the  boat,  which  was  invariably  headed  against  the  current.  As  soon  after 
turn  of  tide  as  the  current  was  sufficiently  strong  to  swing  the  boat,  the  bow  and 
stern  lines,  by  which  it  was  anchored,  were  shifted,  the  former  to  the  stem  and 
the  latter  to  the  bow,  in  order  to  head  the  boat  into  the  current  again.  The  plan 
followed  during  the  work  was  to  locate,  by  means  of  instrumental  observations 
from  the  shore,  points  from  120  to  200  feet  apart  on  each  line  to  be  gauged,  and 
to  observe  at  each  of  such  points  one  practically  complete  ebb  and  fiSod. 

The  observations  were  commenced  at  the  surface,  then  the  instrument  was 
lowered  to  3  feet  below,  then  to  6  feet,  then  to  9  feet,  and  so  on  until  the  bottom 
wi\8  reached;  the  duration  of  each  observation  generally  being  about  one  minute. 
After  bottom  had  been  reached  the  meter  was  hauled  up,  examined,  and  then  a 
new  series  of  observations  was  commenced.  Frequent  examinations  are  necessary 
to  keep  the  instrument  clear  of  weeds,  etc.,  which  wrapping  themselves  around  it 
interfere  materially  with  its  action.  By  commencing  early  in  the  morning  and 
continuing  till  dark,  it  was  generally  possible  to  complete  ebb  and  flood  observa- 
tions on  one  vertical  in  one  day.  But  there  were  many  delays  due  to  examining 
the  instrument,  and  to  the  weather,  which  prevented  any  such  rapid  prosecution 
of  the  work. 

On  seven  cross-sections  50  verticals  were  located  and  about  15,700  single 
observations  made. 

The  notes  during  observations  were  made  according  to  the  following  schedule: 

rr:»^^       Depth  below    Duration  of     Observed         r»i«»«  Compiiied 

B  J'         Surface,      ObBervarions.  Number  of        %\^'         Velocity  in  Wind. 

*^-  "•  feet.  M.  S.        Revolutions.        *''**"*  ft.  per  sec. 

3.48  1.0  0.40  59  Ebb  2.056  S.  E. 

3.50  8.0  0.40  65  *'  2.258  Mod- 

8.51  6.0  0.40  55  **  1.922  erate 
etc.  etc.  etc.  etc.  etc.              etc. 

The  reductions  and  application  of  the  corrections  necessary  to  determine  the 
flow,  from  mean  volumes  of  tidal  prism  and  mean  fresh  water,  are  long  and 
somewhat  complicated.  The  conditions  affecting  any  particular  case  would  be  dif- 
ferent from  any  other.  Different  elements  would  enter  into  the  computation,  and 
these  would  have  different  weight  depending  on  local  relations  and  surroundings. 
A  typical  example,  worked  out  in  full,  can  be  found  in  the  Report  of  the  Chief 
Engineer  U.  S.  Army  for  1890,  pages  1268  and  1388,  to  which  the  reader  is 
referred.  The  following  system  of  notation,  adopted  for  the  precise  designation 
of  the  quantities  to  be  dealt  with,  will  direct  attention  to  the  elements  entering 
into  the  computation,  and  also  to  their  great  number  and  variety. 

NOTATION  ADOPTED. 

a  =  area  of  mean  low- water  cross-section; 
Of  =  average  area  of  mean  flood  inflow; 
tte  ^  average  area  of  ebb  outflow; 
p  =  length  of  wetted  perimeter; 

r  =-  =  mean  hydraulic  radius; 
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Q  ___  \  mean  ebb  discharge  in  cu.  ft.  per  sec* 
^  ""  ij  mean  flood  iuflow  in  cu.  it.  per  sec; 

F  =  —  =  mean  velocity; 
a 

D  —  depth  of  river  at  any  given  point; 
A  =  maximum  of  mid-chanuel  depths. 

All  velocities  designated  by  V  are  mean  velocities  of  the  entire  duration  of 
either  ebb  or  flood  flow,  the  depths  at  which  they  exist  being  indicated  by  a 
right-hand  and  lower  index  as  follows : 

Vo  =  mean  surface  velocity  at  a  given  point; 

F'^  =  mean  mid-depth  velocity  at  a  given  point; 

Vd  =  mean  bottom  velocity  at  a  given  point; 

Vm  =  mean  of  mean  velocities  of  a  given  verticaL 

The  upper  index  m  indicates  the  mean  of  all  the  mean  velocities  across  the 
width  of  the  river  as  follows  : 

F^*  =  mean  of  mean  surface  velocities  of  a  given  cross-section; 

FSa  =  mean  of  mid-depth  velocities  of  a  given  cross-section; 
V^  =  mean  of  mean  bottom  velocities  of  a  given  cross-section; 
V^^  =  mean  of  all  F^'s  found  in  a  given  cross-section ; 
D^  =  depth  in  fraction  of  total  depth,  at  which  Vm  is  found. 

All  velocities  designated  by  C  are  velocities  at  the  time  of  either  ebb  or  flood 
maximum  current,  the  further  designation  by  indices  remaining  the  same  as 
before. 

Co  =  surface  velocity  at  a  given  point  at  maximum  current; 

C^  =  mid-depth  velocity  at  a  given  point  at  maximum  current; 

Cd  =  bottom  velocity  at  a  given  point  at  maximum  current; 

Cm  =  meau  velocity  at  a  given  point  at  maximum  current; 

The  addition  of  the  upper  index  77i  has  the  same  meaning  as  before.  All 
velocities  designated  by  U  are  the  greatest  velocities  existing  in  a  cross-section 
at  the  time  of  either  ebb  or  flood  maximum  current. 

Uo  =  greatest  surface  velocity  of  cross-section  at  the  time  of  maximum  current; 
Ud  =  greatest  bottom  velocity,  etc.,  as  just  given  for  Z7o. 


A  NEW  CURRENT-METER  AND  A  NEW  METHOD  OF  RATING  CURRENT-] 
By  W.  G.  Prick,  U.  S.  Engineer.— {Bng,  Neto*^  Jan.  10th,  189&.) 

This  meter  was  constructed  for  use  in  measuring  velocities  of  wat^r  in  shal- 
low rivers  and  canals,  where  it  can  be  supported  at  the  proper  depth  by  being 
attached  to  the  end  of  a  metal  rod  or  pipe,  which  is  held  in  the  hand  of  the 
observer.  It  was  designed  to  meet  the  following  conditions,  viz.:  The  wheel 
must  be  strong  enough  to  withstand  quite  hard  knocks,  which  it  is  liable  to 
receive  while  in  use,  without  being  injured.  The  bearings  of  the  wheel  must  be 
so  constructed  that  the  friction  will  be  very  slight  and  a  constant  quantity. 
Means  must  be  provided  for  counting  the  revolutions  of  the  wheel,  and  the 
mechanism  used  must  not  appreciably  add  to  the  friction  of  the  bearings. 

The  meter  as  constructed  has  a  strong  .wheel,  composed  of  six  conical -shaped 
cups,  bound  together  by  a  solid  frame,  which  revolves  in  a  horizontal  plane, 
and  is  carried  on  two  bearings,  which  are  at  the  top  of  deep,  inverted  cups, 
which  hold  air  and  oil,  which  at  all  times  entirely  excludes  the  water  and  the 
grit  or  other  matter  which  the  water  may  contain.  Just  above  the  upper  bearios^ 
there  is  a  small  air-chamber,  and  the  shaft  of  the  wheel  extends  up  into  it 
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The  water  cannot  rise  up  to  the  air-chamber,  as  it  cannot  compress  the  air 
sufficiently  to  do  so.  In  the  air-chamber  there  is  a  small  worm-gear  on  the 
shaft,  which  turns  a  small  wheel  which  has  20  teeth.  Tlie  wheel  carries  a  pin, 
which  for  every  2Q  revolutions  of  the  shaft  depress(^s  and  releases  a  pin-head 
spring-hammer  which  strikes  a  small  diaphragm  that  forms  the  top  of  the  air- 
chamber.  The  rod  which  is  used  to  support  tlie  meter  is  hollow,  and  the 
diaphragm  is  at  the  bottom  of  the  rod.  The  sound  produced  by  the  striking 
hatumer  is  transmitted  through  the  rod  and  through  a  connecting  tube  to  the 
ear  of  the  observer.  The  ear-piece  is  held  in  place  by  a. baud  of  elastic  ribbon. 
Tlie  rod  is  in  lengths  of  2  feet,  and  is  graduated  to  feet  and  tenths.  The  wheel 
is  5  inches  in  diameter  and  the  meter,  without  the  rod,  weighs  17  ounces.  A 
meter  constructed  in  this  way  w^ill  not  change  its  rate  so  long  as  it  is  well  cared 
fur  and  is  not  bent  out  of  its  original  shape.  A  few  drops  of  thin  oil,  such  as 
will  not  become  solid  in  cold  water,  must  be  placed  in  both  bearings  once  every 
•lay  it  is  used.  Even  though  the  water  to  be  measured  carries  in  suspension  a 
large  quantity  of  silt  and  other  matter,  it  cannot  injure  the  meter  or  change  its 
rale. 

The  method  of  rating  this  meter,  which  is  also  applicable  to  the  electric 
iijcter,  is  Jis  follows  :  The  rating  should  bo  made  in  a  pond  of  still  water,  and  a 
test  with  rod-floats  should  be  made  to  determine  whether  the  water  is  absolutely 
•sull  or  not.  A  small,  deep  pond  is  best.  In  many  of  the  large  crescent-shapetl 
lakes,  along  the  Mississippi  and  Missouri  rivers,  which  have  no  inlet  or  outlet, 
there  is  a  small  oscillation  of  the  water,  probably  caused  by  the  wind,  which 
will  render  a  rating  made  in  them  quite  inaccurate.  The  meter  should  be 
attached  to  the  bow  of  the  skiff,  so  that  the  supporting-rod  will  be  vertical,  and 
the  wheel  will  be  about  2i  feet  below  the  surface  of  the  water. 

Take  two  metallic  tapes,  each  50  feet  long,  and  lengthen  one  of  them  with 
100  feet  of  steel  wire— about  No.  24.  Take  the  tapes  out  of  their  boxes  and 
wind  them  on  two  wooden  reels  which  are  about  6  inches  in  diameter  and  are 
placed  side  by  side  on  a  single  shaft,  on  which  they  are  free  to  turn  independ- 

t'lirlv. 

The  reels  must  be  provided  with  pawls  with  sharp  points,  which  can  be  pushed 
into  the  wood  to  stop  them  from  turning.  The  shaft  and  pawls  can  be  supported 
)>y  a  wooden  frame,  and  this  should  be  screwed  or  nailed  to  the  forward  scat  in 
the  skiff.  The  oarsman  sits  in  the  after  seat.  The  observer  sits  just  forward  of 
I  he  reels,  and  the  rubber  tube  leads  from  the  meter- rod  to  his  ear.  The  tapes 
are  unreeled  far  enon*rh  to  pass  the  ends  over  the  stern  of  the  skiff  and  to  a 
."stake  which  is  driven  firmly  at  the  water's  edge,  and  which  has  a  nail  driven 
h.ilf  its  length  into  the  top.  Rings  of  about  No.  20  cotton  thread  are  tied  in 
the  ends  of  the  tapes,  and  are  passed  over  the  nails  in  the  stake.  The  oarsman 
t  hen  rows  the  skiff  straight  away  from  the  stake,  and  the  tapes  are  unreeled  as 
the  skiff  moves  along.  A  little  friction  from  the  hand  of  the  ol)server  on  the 
reels  keeps  the  tapes  taut.  When  the  observer  hears  the  first  click  made  by  the 
liammer  in  the  meter  he  instantly  starts  his  stop-watch  and  presses  a  pawl  into 
the  wood  of  the  reel  which  carries  the  50-foot  tape.  This  stops  the  motion  of 
the  reel  and  breaks  the  thread  which  connects  the  tape  to  the  nail  in  the  stake. 
When  the  meter-wheel  has  made  40  revolutions  the  observer  will  hear  the  third 
click,  and  at  that  instant  he  stops  his  watch  and  presses  the  second  pawl  into 
the  second  reel,  which  stops  the  long  tape  from  paying  out  and  breaks  the 
thread  which  attaches  it  to  the  nail  in  the  stake.  The  difference  in  the  reading 
of  the  tapes  at  the  reel,  plus  100  feet,  will  be  the  distance  the  meter  travelled 
while  the  wheel  was  making  40  revolutions,  and  the  reading  of  the  watch  is  the 
required  time.  The  reading  of  the  tapes  must  be  corrected  for  any  error  there 
may  be  in  their  lengths. 
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Data  should  be  obtained  for  very  slow,  mediqiD,  and  h^  Telootm;  and  to 
obtain  the  high  velocities  it  will  be  necessary  to-  pull  tike  skiff  witk  a  ^-incb 
cotton  rope,  which  can  extend  from  the  bow  of  the  skiff  to  the  oppoflUe  fauLk  of 
the  pond ;  but  if  this  is  done  the  oarsman  should  be  rsiained  in  tke  skiff  to 
stop  it  from  running  into  the  bank  and  to  return  it  to  the  starting  poMli<Mi.  If 
the  pond  is  very  wide,  a  long  stake  may  be  driven  out  in  the  pond,  and  it  can  be 
made  rigid  at  its  top  with  small  guy-ropes,  which  can  lead  oiagonally  down  to 
the  bottom  of  other  stakes,  which  are  driven  around  it,  the  napes  bein^  tied  u> 
the  stakes  before  they  are  driven,  then  all  attached  to  the  centre  stake.  The 
skiff  can  then  start  from  this  stake,  and  the  pulling-rope  can  tead  to  the  shore. 
If  the  skiff  is  propelled  at  all  velocities  with  a  rope  in  this  way  the  rating  will 
be  more  accurate,  as  the  motion  of  the  oarsman  in  rowing  roeks  the  skiff  and 
-thus  causes  the  meter  to  travel  through  a  curved  path  which  la  longer  than  the 
•distance  measured  with  the  tapes.  Just  before  eaeh  trip  is  nsade  over  the  base 
■the  meter- wheel  should  be  turned  till  it  is  about  midway  between  two  elieks,  so 
that  the  first  click  will  be  heard  by  the  observer  before  all  of  the  abort  tape  is 
paid  out.  The  wheel  will  make  40  revolutions  in  about  10ft  feet.  A  lonjrer 
wire  can  be  used  to  lengthen  the  tape,  so  that  a  measurement  for  60  of  more 
revolutions  may  be  made. 

The  amount  of  error  in  such  a  rating,  supposing  the  skiff  to  nove  at  the  same 
velocity  at  the  instant  the  first  and  last  clicks  are  made,  depends  entirely  on  the 
time  intervals  used  by  the  observer  in  starting  and  stopping  his  watch,  and  in 
stopping  the  reels  after  he  heara  the  click  of  the  meter.  In  oixler  to  eliminate  a.l 
error,  the  time  consumed  by  him  to  do  this  must  be  the  same  at  the  beginning  as 
at  the  end  of  the  trip. 

AVhen  the  data  are  reduced  to  revolutions  of  the  meter- wheel  per  second 
and  velocity  in  feet  per  second,  and  then  plotted  on  cross-section  paper,  taking 
the  revolutions  per  second  as  abscissas,  and  the  velocities  in  feet  per  second  as 
ordinates,  the  plotted  points  will  lie  in  a  curve.  A  line  can  best  be  drawn 
through  these  points  by  bending  a  true  steel  straight-edge  between  three  heavy 
paper-weights  till  one  side  of  it  coincides  with  the  point*.  It  has  been  the  usual 
practice  to  assume  that  this  line  should  be  straight,  and  expressed  by  the  equation 

y  =  ax  +  b, 

from  which  it  is  easy  to  compute  a  red  notion- table;  but  when  more  accurate 
ratings  are  made,  so  that  all  the  plotted  points  are  in  their  true  poaitions,  it  is 
found  that  the  elastic  curve  formed  by  the  bent  straight-edge  passes  precisely 
through  them  all.  This  curve  departs  so  much  from  a  straight  line,  it  is  seen, 
that  to  compute  the  reduction-table  upon  the  assumption  that  the  line  should  Iw 
straight  is  a  very  inaccurate  method.  By  an  inspection  of  the  curve,  it  will  be 
seen  that  for  successive  higher  velocities  the  revolutions  per  second  incre«5e 
faster  than  the  velocities  in  feet  per  second.  This  indicates  that  the  slip  of  the 
wheel  or  the  screw,  as  in  a  steamship  propeller,  becomes  less  as  the  velocity 
increa.ses  ;  and  we  can  think  of  a  velocity  so  great  that  the  vater  would  become 
in  effect  so  near  a  solid  there  would  be  no  slip,  and  beyond  that  point  the  rating 
would  be  a  straight  line. 

The  friction  of  the  bearings  of  a  meter  should  be  so  slight  that  the  wheel  will 
begin  to  revolve  when  a  very  low  velocity  is  attained.  For  the  first  pneumatic 
meter  constructed  this  velocity  was  0.042  foot  per  second.  In  order  to  make  a 
reduction-table  from  a  meter  rating,  form  a  three-column  table  and  write  in  the 
first  column  the  times  in  seconds  of  100  revolutions  of  the  meter-wheel  from  20 
seconds  to  400  seconds,  or  more  if  very  slow  velocities  are  to  be  measured.  Then 
compute  the  revolutions  per  second  corresponding  to  those  times  of  100  rcTolu- 
tious,  and  write  them  in  the  third  column.    Then  from  the  plotted  curve  scale 
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off  the  velocity  in  feet  per  second  corresponding  to  those  revolutions  per  second, 
and  write  them  in  the  second  column.  In  using  the  meter,  measure  the  time  of 
100  revolutions,  and  look  in  the  table  for  the  corresponding  velocity.  Such 
tables  are  usually  furnished  by  the  manufacturers. 

In  Engineering  News,  March  2,  1893,  a  current-meter  with  an  electric  regis- 
tering attachment,  was  described  invented  by  the  author  of  the  above  article. 
The  pneumatic  meter  above  described  is  a  much  simpler  and  cheaper  de*nce,  and 
is  recommended  as  preferable  for  use  in  shallow  rivers  and  canals. 

The  price  of  this  meter  is  only  about  $50. 

THE  RITCHIE-HASKELL  DIRECTION  GURRENT-BfETER. 

In  conducting  the  hydrographic  surveys  for  harbor  and  river  improvements 
it  is  often  desirable  to  know  the  direction  as  well  as  the  velocity  of  the  prevailing 
currents  in  order  to  calculate  their  value  for  good  or  hariii.  In  tidal  streams, 
for  example,  for  some  time  before  the  turning  of  the  tide,  an  **  under  run"  of 
the  flood-tide  is  going  on  while  the  surface  is  still  ebbing.  These  subcurrents  of 
tidal  waterways  are  of  extreme  importance  in  their  effects  upon  the  sea  bottom, 
and  need  to  be  determined  with  considerable  accuracy  both  in  direction  and 
velocity.  For  determining  the  velocity  of  currents  one  of  the  common  methods, 
viz.,  by  floats,  gauge-tubes,  or  current- meters,  may  be  used,  but  the  last  two 
methods  give  nothing  concerning  the  direction  of  the  current.  The  Ritchie- 
Haskell  meter  is  designed  to  record  simultaneously  both  the  direction  and  velocity 
of  .any  character  of  subsurface  currents. 

The  principal  differences  of  appearance  between  this  and  the  ordinary  form  of 
current-meter  are  the  propeller-wheel  and  the  fish-shaped  body,  inside  of  which 
is  placed  the  magnetic  needle  and  other  mechanism  for  actuating  the  recording 
apparatus  in  the  hands  of  the  operator. 

The  velocity- wheel  is  of  the  screw  or  propeller  type,  and  is  made  conical  in 
form  to  prevent  the  catching  of  w^eeds,  grass,  and  other  floating  (i6bris. 

This  wheel  may  have  any  desired  pitch  to  suit  any  kind  of  work,  but  thus  far 
only  two  styles  of  wheels  have  been  made,  the  first  covering  a  range  of  from  0.2 
foot  to  6  feet  per  second  in  velocity,  and  the  second  a  range  of  from  0.6  foot  to 
12  feet  per  second  in  velocity.  Of  course  a  meter  can  have  both  of  these  wheels 
furnished  with  it,  so  that  either  one  can  be  attached  as  desired.  The  electric 
mechanism  for  transmitting  the  number  of  revolutions  of  the  wheel  to  the  veloc- 
ity ref^ister  is,  as  stated  above,  placed  inside  the  fish-like  body  ot  the  meter.  In 
the  velocity  register  starting  the  watch  closes  the  circuit,  and  srojipinp:  the  watch 
breaks  the  circuit,  thus  giving  an  absolute  record  of  the  time  and  the  correspond- 
ing number  of  revolutions  made  in  that  time. 

The  apparatus  for  determining  the  direction  of  the  current  and  actuating  the 
direction  register  is  also  placed  in  the  fish-like  body  of  the  instrument.  This 
apparatus  consists  primarily  of  a  compass,  whose  needle  is  free  to  assume  the 
magnetic  meridian  at  all  times,  immersed  in  an  oil-chamber  to  i)revent  rust.  An 
oxpansion-bag  compensates  for  changes  in  temperature,  and  establishes  equality 
of  pressure  between  the  inside  and  outside  of  the  chamber  when  submerged.  By 
the  use  of  an  electric  current  the  angle,  to  the  nearest  degree,  between  the  direc- 
tion of  the  current  and  the  compass  needle  is  shown  on  a  dial.  This  dial  is 
graduated  in  azimuth  from  south  to  west,  and  also  has  the  points  of  the  compass 
given.  The  total  length  of  the  meter,  which  has  a  low-pitch  wheel  7^  inches  in 
diameter,  is  36  inches,  and  its  weight  is  30  pounds,  exclusive,  of  course,  of  the 
lead  weight,  which  can  be  adjusted  to  weigh  20  pounds,  35  pounds,  or  60  pounds, 
as  desired.  The  cable  for  suspending  the  meter  is  of  galvanized  Bessemer  steel, 
-iV  inch  in  diameter,  with  a  core  formed  by  three  insulated  wires — three  circuits 
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being  required  for  both  recording  registers — from  the  meter  to  the  recording 
apparatus.  The  total  cost  of  the  apparatus,  including  both  velocity  and  direc- 
tion registers,  is  |280.  Extra  wheels  cost  $25  each.  The  meter,  without  the 
direction-recording  apparatus,  can  also  be  secured  in  various  sizes  and  styles. 

In  an  instrument  especially  designed  for  gauging  brooks,  creeks,  and  irriga- 
tion ditches  the  suspending  cable  is  replaced  by  a  graduated  hand  rod,  and  a  foot- 
plate is  provided  to  prevent  the  wheel  from  sinking  into  the  mud  of  the  bottom. 
This  instrument  cost  $130,  is  14  inches  long,  with  a  4-inch-diameter  wheel,  and 
weighs  7  pounds.  It  will  register  velocities  varying  from  0.4  foot  to  5  feet,  and 
from  1  foot  to  10  feet  per  second,  with  the  low  and  high  pitch  wheels  respectively. 

These  meters  are  now  used  by  many  of  the  United  States  engineers  in  their 
hydrographic  work,  and  have  also  been  adopted  by  a  number  of  large  irrigation 
companies. 

In  the  Government  work  Mr.  Haskell  has  used  the  direction  current-meter  in 
measuring  the  currents  in  New  York  Harbor,  Long  Island  Sound,  the  Gulf 
Stream,  and  the  Gulf  of  Mexico  since  1887,  and  states  that  he  believes  it  to  be 
reliable  under  all  conditions. 

CURVES  SHOWING   AMOUNT  OF   WATER  REACHING  STREAMS  AND  SEWERS. 

The  amount  of  water  reaching  streams  and  sewers  will,  for  simplicity,  be 
called  the  **  Run-off." 

The  author  is  indebted  to  Col.  W.  E.  Outshaw,  City  Engineer  of  Richmond, 
Va.,  for  the  following  remarks  on  the  run-off  from  the  ground  surface,  and  also 
for  the  accompanying  diagrams. 

In  Fig.  456  will  be  found  the  Drainage  Curves,  embracing  a  wide  range  of 
drainage  surfaces  in  acres  and  square  miles,  together  with  the  more  connnou 
formulae  in  use.  This  diagram  shows  the  cubic  feet  of  water  per  second  reach- 
ing the  watercourses. 

Diagrams  Figs.  457,  458,  459, 460  are  intended  to  represent  curves  showing  the 
number  of  cubic  feet  of  water  per  second  per  acre  reaching  sewers  from  rainfalls 
of  1,  2,  3,  and  4  inches  per  hour,  together  with  the  formulae  in  more  common 
use. '  These  various  diagrams  fully  explain  themselves,  and  the  formulae  will  be 

readily  understood. 

Col.  Outshaw  writes  that  these  diagrams  show  what  may  be  done  about  drain- 
age and  sewerage  in  the  way  of  finding  what  allowances  should  be  made  for  storm 

discharges. 

The  practice  now  is  to  determine  by  one  formula  the  amount  of  storm-water  to- 
provide  for,  and  then  to  calculate  the  sewer  or  channel  to  discharge  it  by  another 
formula.  Though  most  cities  use  this  method,  some  have  used  a  single  combined 
empirical  formula  for  determining  the  diameter  or  sizes  of  sewers. 

The  run-off  depends  on  such  conditions  that  the  variations  of  formulae  as  well 
as  the  difficulties  of  applying  them  to  small  city  areas  and  to  large  country  areas 
alike  make  the  applications  unsatisfactory.  The  same  imperviousness  of  surface 
and  the  same  degree  of  saturation  will  not  obtain  for  like  areas;  and  the  surface 
slope  varies  to  such  an  extent  with  the  rolling  features  of  the  country  that  the 
constants  introduced  into  all  these  formulsB  are  difficult  to  settle  upon,  even  after 
comparisons  with  extended  observations  of  rainfalls  and  channel  discharges. 

Formulce  now  applying  approximately  well  for  city  areas  do  not  apply  to 
country  areas,  where  the  storm  discharges  are  carried  off  by  creeks  and  rivers. 
The  curves  on  the  diagrams  should  be  particularly  noticed  in  this  respect. 

The  befit  formulae  now-used  seem  to  be  based  on  variable  ai-eas,  variable 
slopes,  and  variable  rainfalls,  the  powers,  roots,  and  constants  used  in  each  giving 
it  its  special  merit. 
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Hawksley \...  C  =  a.W«rC— V. 

McMath Q=8.488r(-)*; 

Q  =  cu.  ft.  water  per  second  per  acre  raaeh- 
Jog  sewer; 

8  =  sine  of  surface  slope; 

r  =  rainfall  in  inches  per  hour; 

A  =  number  of  acres  drained; 

c  =  constant  varying  from  0.«>  to  0.60  ac- 
cording to  the  nature  of  the  ground: 
here  taken  =  0.50. 


Acred  5      10     15'a02S80flp4049SOB900 


10     79     60      SB     90     S6    liA 


Fig.  457. 


Curves  for  l/IOO  surface  slope 
"  2/100       •'  '^ 


Shown  thus 


S/JOO 


it 


WATER  BEACHIKG  8TBEAMS  AKD  SBWERS. 


153S 


Automatic  rainfall  records  for  short  periods  of  heavy  rainfalls  and  the  sewer 
gaupinors  of  run-off  corresponding  are  now  being  observed  more  closely  in  the 
cities  where  combined  sewers  are  used,  and  these  observations  are  beginning  to 
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ettle  which  formula  best  applies  to  each  city.  Col.  Cutshaw^s  purpose  in  prepar- 
ng  these  diagrams  was,  by  comparisons  of  curves  of  run-off,  to  determine  which 
i  best  to  use  in  Kichmond.  Even  with  the  four  best  formulae  for  run-off,  thre& 
f  them, — Hawksley^s,  McMath^s,  and  Bttrkli-Ziegler^s, — it  will  be  noticed,  give 
urves  for  small  areas  (under  five  acres)  showing  more  run-off  than  rainfall;  and 
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yet  BUrkli-Ziegler's  and  McMath's  are  more  generally  used,  because  of  a  better 
agreement  with  observed  run-off  from  areas,  say,  above  50  or  60  acres.    Kone  of 
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lese  formulsB,  and  still  worse,  none  of  the  various  flood -discharge  formnlce,  are 
Ltisfactory  in  very  large  country  areas,  as  will  be  seen  from  the  attempt  to  ap- 
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ply  them  to  Stony  Brook,  near  Boston:  there  they  were  found  to  give  from  about 
540  cubic  feet  per  second  in  the  lowest  to* 5500  cubic  feet  per  second  in  the 
highest,  and  this  discrepancy  on  an  area  of  about  8000  acres.  The  Board  of 
Engineers,  investigating  the  drainage  of  the  stream,  discarded  all  the  formulae, 
and  assumed,  from  a  very  unusual  set  of  observations  extended  over  a  very  lanre 
area,  that  12  inches  in  24  hours,  or  ^  inch  per  hour,  was  the  rainfall  over  ihis 
area,  and  that  three  fourths  of  it  ran  off;  in  other  words,  that  3000  cubic  feet  per 
second  should  be  provided  for.  A  similar  result  was  worked  out  for  Rock  Creek 
at  Washington  City,  where  some  49,000  to  50,000  acres  were  involved;  and  usini^ 
some  five  or  six  flood-discharge  formulsB,  the  cubic  feet  per  second,  as  calculated, 
varied  from  4707  to  25,640,  and  was  finally  taken  at  between  18,000  and  25.0OU. 
cubic  feet  per  second,  practically  assuming  ^-inch  rainfall  per  hour,  on  the  whole 
area  of  49,868  acres.  It  is  to  be  noticed  that  McMath  has  his  formulas  modified 
so  as  to  apply  to  city  areas  for  sewers  and  to  country  areas  for  streams. 

Kutter^s  formula  for  mean  velocity  from  which  to  determine  the  sixes  of 
sewers  or  channels  seems  to  be  about  the  best,  and  is  almost  exclusively  used. 

An  interminable  amount  of  detail  and  discussion  is  involved  in  this  snbject, 
and  it  is  difficult  if  not  impossible  to  put  it  in  a  concise  and  perfectly  digested 
form  for  a  general  work  on  Engineering,  and  the  reader  must  be  referred  to 
such  works  as  Fanning^s  Water-supply  Engineering,  Latham's  Sanitary  En- 
gineering, Staley  and  Pierson's  Separate  Sewers,  Flynn's  Irrigation  Canals,  etc, 
Stephenson's  Canals  and  Rivers,  etc.,  for  full  discussions  under  their  appropriate 
titles. 

APPUGATION  OF  KUTTER'S  FORMULA  TO  THE  FLOW  OF  WATER  IN  OPEN  CHANNEZ^. 

The  author  has  not  considered  it  necessary  to  introduce  in  this  volume  ex- 
tended tables  of  the  coefficient  of  discharge  <?,  or  of  the  square  roots  of  tbe 
hydraulic  radius  r,  or  of  the  square  roots  of  the  slope  t,  to  be  used  in  the  solution 
of  problems  of  flow  by  Kutter's  formula.  Such  tables  are  of  great  value  to  an 
engineer  when  working  a  number  of  problems,  and  can  be  found  in  such  works 
as  Flynn  on  Irrigation  Canals  and  Works,  also  Wilson  on  the  same,  and  to  a 
limited  extent  in  Merriman's  Hydraulics  and  Trautwine's  Engineer's  Pocket- 
Book. 

This  article  will  be  limited  to  the  working  out  a  few  examples  in  full.  From 
a  clear  understanding  of  these  the  reader  will  have  little  trouble  in  working  out 
similar  problems  under  other  conditions  as  to  roughness  of  bed  and  side  snrfac*?, 
slope  of  bed,  and  hydraulic  radius.  In  order  to  obtain  very  accurate  results,  ail 
terms  should  be  carried  out  to  five  or  six  places  of  decimals ;  for  less  important 
problems  two  places  of  decimals  are  sufficient.  In  Article  IX  is  found  a  genonU 
discussion  of  the  flow  of  water  in  open  channels,  and  the  formulsBof  D*Arcy  and 
Kutter  are  given,  with  the  values  of  the  coefficient  of  roughness  n  and  a  table- 
containing  a  few  of  the  coefficients  of  discharge.  As  will  be  noticed,  D'Arcy's 
formula,  eq.  (40),  depends  upon  and  varies  with  the  hydraulic  radius  randsloiM»i, 
while  Kutter's  depends  upon  and  varies  not  only  with  r  and  i,  but  also  with  tiie 
condition  of  surface  of  the  channel  as  represented  in  the  coefficient  n.  There  are 
a  large  number  of  formulae  in  use,  all  of  which  have  constant  coefficients,  except 
the  four  followinjif,  Kutter,  Baziu,  Molesworth,  and  Gauchler.  Only  the  first  two 
will  be  considered  in  this  place.  D'Arcy's  formula  will  be  referred  to  under  the 
head  of  the  flow  of  water  m  pipes. 
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For  very  even  surfaces,  such  as  planed  planks,  smoothly  plastered  sides  and 
beds,  and  other  surfaces  in  the  same  or  similar  condition. 


«  =  |/  1  +  0.0000045/10. 16  +  - )  X  f'ri. 
For  surfaces  of  cut  stone,  brickwork,  ordinary  mortar,  sawn  plank,  etc., 

«  =  y  1  +  0.000013/4.854  +  ^)  X   ^ri' 
For  rubble  masonry  and  similar  surfaces, 


V  =  j/l  -H  O.OOOO6/1.210  +  ~)  X  j/ri. 
For  uneven  surfaces,  such  as  earth, 

v  =  yi'h  0.00085/0.2438  +  t)  X 


ft. 

In  these  formula  it  is  to  be  noted  that  the  coefficients  of  4/fi  depend  upon 
and  vary  with  the  character  of  the  surface  over  which  the  water  flows  and  also^ 
upon  the  hydraulic  radius  r,  but  are  independent  of  the  inclination  or  slope  of 
the  bed  of  the  channel. 

Mr.  Flynn  says  that  Bazin^s  formula  for  given  channels  agrees  very  nearly 
with  Eutter,  n  =  0.0275  up  to  8  feet  in  depth,  and  with  Kutter,  n  =  0.025  from  8^ 
to  5  feet  in  depth.  It  is  also  shown  that  Bazin's  formula  is  almost  a  mean  be- 
tween Kutter  with  n  =  0.025  and  n  =  0.0275;  that  is,  that  it  almost  suits  canals- 
and  rivers  in  earth  of  tolerably  uniform  cross-section^  slope  and  direction^  in- 
moderately  good  average  order  atid  regimen  and  free  from  stones  and  toeeds,. 
and  also  canals  and  rivers  in  earth  below  tJie  average  in  order  and  regimen. 
The  results  again  show  that  it  gives  too  low  a  velocity  for  canals  in  earth  above 
the  average  in  order  and  regimen  with  n  =  0.0225  or  a  smaller  value  of  n,  while* 
it  gives  a  too  high  velocity  for  canals  atid  rivers  in  earth,  in  rather  bad  order 
ami  regimen^  Tutting  stones  and  weeds  occasionally^  and  obstructed  by  dUritns, 
for  which  n  =  0.08.  With  these  remarks  no  further  notice  will  be  taken  of 
Bazin^s  formula,  as  the  practical  application  of  them  can  be  readily  made  after 
understanding  the  examples  worked  out  with  Eutter's  formula : 

The  following  is  Eutter's  formula  : 


1.811.  .   .,  ^  .  0.00281 

+  41.0  H : 


in  which,  as  in  other  formulsB,  n  is  the  coefficient  of  roughness  of  the  surface  of 
the  channel,  and,  as  given  in  Art.  IX,  varies  from  0.009  to  0.05,  the  smaller  valuer 
from  0.009  to  0.02  applying  to  the  smoother  surfaces  and  from  0.0225  to  0.05  ap- 
pljing  to  the  rougher  surfaces,  as  more  specifically  described  in  Art.  IX.  The 
coefficient  c,  seemingly  complex,  depends  upon  the  roughness  of  the  surface  as* 
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represented  by  n,  the  hydraulic  radius  r,  and  the  slope  of  the  bed  t.  With  tbe 
smoothest  pipe  it  would  be  hardly  advisable  to  use  a  value  of  n  less  than  0.018 
in  order  to  provide  for  increase  of  resistance  from  use ;  and  it  will  rarely  be 
justifiable  to  use  a  value  greater  than  n  =  0.03.  It  will  serve  the  present  pur- 
poses to  determine  the  values  of  c  for  values  of  n  between  the  limits  of  0.017  and 
0.025.  The  slopes  will  be  taken  at  1  in  1000,  1  in  10,00T),  and  1  in  20,000.  Tiie 
hydraulic  radius  will  depend  upon  the  area  of  the  cross-section  and  the  surface 
wetted  by  the  water,  or  wetted  perimeter,  as  it  is  called. 

Example  1. — Given  the  bed  width,  depth,  and  grade  of  a  channel,  to  find  tht> 
velocity  and  discharge.  We  will  assume  that  the  nature  of  the  surface  falU 
under  the  one  or  the  other  of  the  following  conditions:  Rubble  in  cement;  coar^ 
rubble  of  all  hinds;  also  coarse  gravel  carefully  laid  and  rammed,  or  rough 
rubble  wTiere  the  interstices  have  become  filled  with  silt.   (See  Art.  IX,  par.  75,  for 

area 

which  n  =  0.03.)    Since  r  =  — —-5 : — -— ,  we  will  assume  the  width  of  ihe 

'  wetted  perimeter ' 

channel  =  135  feet,  and  its  depth  13.5  feet,  with  side  slopes  1  to  1.     (Here  it  may 

be  noted  that  when  the  bed  width  is  over  from  60  to  70  feet  the  side  slopes  bare 

very  little  effect  on  the  velocity.)   The  area  will  be  (125  +  13.5)  x  12.5  =  1718.70 

square  feet;  the  wetted  perimeter  will  be  135  +  3  x  13.5  x  sec  45*,  or  l*2o  + 

2 y  1375' +  1375*  =  135  +  35.4  =  180.4;  then  the  hydraulic  radius  =r  = 

1718  75  - 

-T^r^-=  10.71  and  the  i^r  =  8.37.    The  slope  i  will  be  taken  1  in  10,000  = 
I0U.4 

0.0001,  4/i  =  —  =  0.01.    We  have  now  the  values  of  n  =  0.03;    VF=  3.i7; 

Vi=  0.01.    Substituting  these  values  in  the  coefficient  in  Eutter's  formula, 
there  results 

f       ^'8^^       A^  A        2:00381 

I         0.03    ■*"  ^^'^  +    0.0001  jr-. 

t,  =  ci/n=^    — /  o.oo38n     0.03  i-  ^^ 

^  +  [^^'^  +  To-ooi)  ^  3:37 


Reducing, 


Then 


1.811       0.00281 
_    0.03  "^  ^^'^  '^   0.0001    _  160.35  _  ^  .^ 
1  .  /^i  «  .  0.00381\   0.03  ~  1.4358  ~  ^^^•*^- 

^  +  (^^'^  +  oroooTJ  ^  3:37 


V  =  113.48  X  Vrf. 


Substituting  values  of  the  square  roots  of  r  and  t,  respectively  8.27  and  0.01, 
V  =  111.48  X  3.37  X  0.01  —  8.67  feet  per  second,  which  is  the  mean  vdociry. 
Then  the  discharge  is  Q  =  area  x  velocity  =  at?  =  1718.75  x  8.67  =  6807*8 
cubic  feet  per  second. 

In  the  following  examples  so  much  detail  will  not  be  given.  The  proeesses 
will  be  indicated  and  only  results  written. 

The  slope  will  be  taken  at  1  in  30,000  =  0.00005,  the  Toughness  coefficient 
will  be  n  =  0.017,  which  applies  to  the  one  or  the  other  of  the  following  eon* 
ditions,  ashlar  masonry  and  brickwork.     Assuming  a  width  of  channel  =  160 
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feet,  and  depth  of  flow  =  22  feet ;  then  area  =3  a  =  160  x  22  =  8520  sq.  ft; 
wetted  perimeter  =  160  +  44  ==  204  ft. 

Hydraolic  radius  =  r  =  -^qt-  =  17.27. 

Square  root  hydraulio  radius, 

|/f  =  4.154;    Slope  of  bed  =  f  =  0.00005; 

^i  =  0.00707; 

1.811  0.00281  1.811  0.00281 

_         n     "**  ^^-^  "*•       i  _      0.017  "*"  ^^'^  "^  0.00005       _  145A. 

''~.        ^.  .        0.00281\ _!!,"•  1    .    /41B    ■    0.00281X0.017 
1  +  ^41.5  +   —f—)-^      ^  +  i^^-^  +  aOOObsj  4.154 

t?  =  146.0  X  i/ri  =  146.0  x  4.154  x  0.00707  =  4.289  feet  per  second; 

Q  =  av  =  8520  x  42.80  =  15,107  cubic  feet  per  second. 

The  last  example  to  be  given  will  apply  to  eartTien  canals  having  tolerably 
uniform  cross-section  and  slSpes  and  those  in  ratlier  had  condition  Tiaving  stones 
•and  weeds  .obstructing  the  channels^  for  which  n  =  0.025  to  0.08.  Taking 
n  =  0.025,  slope  i  =  1  in  1000  =  0.001,  width  of  channel  =  70  feet,  depth 
=  4.0  feet,  side  slopes  2  to  1,  then  the  area  of  cross-section  s=  (70  +  8)  x  4  = 
812  square  feet;  wetted  perimeter  =  70  +  16.2  =7  86.2  feet. 

^  =  ^^  =  3.68;     ii^  =  1.9; 

|/i  =  0.0316; 
116.91 

V  =  c  J^ri  =  73.5  x  1.9  x  0.0316  —  1.758  feet  per  second; 

Q  =  ao  ==  812  x  1.758  =  546.9  cubic  feet  per  second. 

It  is  evident  that  from  the  formula  «  =  c  J^ri^  either  one  of  the  quantities 
-v^  c,  r,  or  i  can  be  determined  when  the  other  three  are  known,  and  the 
problems  arising  are:  (1)  to  detormine  v  when  c,  r,  and  i  are  known;  (2)  to 
determine  c  when  v,  r,  and  t  are  known;  (8)  to  determine  r  when  %  c,  and  i  are 
known;  (4)  to  determine  i  when  v,  c,  and  r  are  known. 

Weisbach's  formula  is  as  follows: 

V  =  (0.00024  +  8675ri)*  -  0.0154. 

It  will  be  observed  that  this  formula  has  a  constant  coefficient,  and  therefore 
can  only  apply  to  one  set  of  conditions.  After  understanding  the  preceding 
examples  there  will  be  no  difficulty  in  applying  it  either  to  determine  it,  r,  or  s, 
any  two  of  which  are  assumed  or  determined. 

A  complete  list  of  all  the  formulae  in  use  will  be  found  in  Fljmn's  '^Flow  of 
Water  in  Irrigiition  Calais." 

FORMULiB  FOR  MEAN  VELOCmT  IN  PIPES,   SEWSR^^   GONDUrTS,   ETC. 

A  full  list  of  formulae  for  mean  velocity  in  closed  channels  will  be  found  in 
JPlynn's  **  Work  on  Irrigation,"  together  with  a  list  of  those  used  for  both  open 
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and  closed  ichannels.    Only  a  few  of  these  formulie  will  be  given,  followed  bj  a 
few  practical  examples. 

D'Arcy's  formula  for  iron  pipes  under  pressure  is 


0.00007726 
Flynn's  modification  of  D^Arcy's  formula  is 


0.00000168  I  . 


(  155256  \*        ,— 


in  which  d  is  the  diameter  of  the  pipe  in  feet. 

D'Arcy's  formula,  as  given  by  J.  B.  Francis,  O.E.,  for  old  cast-iron  jape, 
lined  with  deposit,  and  under  pressure,  is 

^  "  \0.0082d  +  1/  • 
Flynn^s  modification  of  D^Arcy^s  formula  for  old  cast-iron  pipe  is 


/  70243. 9\        ,-r 


Weisbach's  formula  is 

V  = 


\^1.505  +  c  X  ^/ 


d 
0.016921 


where  c  ^  0.01489  +        ^ 
£ytelwein*s  formula  is 

0  ==  108  i/rs  —  O.IS  nearly,    or    t?  =  50  ( ?  .   kq^J  • 

Eutter's  formula  is  the  same  as  already  given. 
In  the  foregoing  formulae 

t;  =  mean  velocity  in  feet  per  second ; 
r  =;:  hydraulic  mean  depth  in  feet; 
h  =  fall  of  water  surface  in  any  distance  I; 
I  =  length  of  water  surface  for  any  fall  h; 

i  :=:z  J  =  sine  of  slope; 

e  =s  coefficient  of  mean  velocity; 

the  coefficient  depending  on  the  nature  of  the  bed;  that  is,  the  liniog  or 
surface  of  the  channel; 
ff  =  acceleration  of  gravity  =  82.16. 

Almost  all  the  old  formulsB  have  constant  coefficients.     These  coeffieieots 
give  too  high  a  velocity  for  small  channels  and  too  low  a  velocity  for  laige 
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<;hanDels.  The  modern  and  more  accurate  form  aim  have  varying  coefficients, 
whose  value  increases  with  that  of  the  hydraulic  mean  depth.  The  value  of  the 
coefficient  in  D^Arcy's  formula  varies  with  r,  but  is  not  affected  by  the  slope  s, 
while  in  Kutter's  formula  the  coefficient  varies  with  both  r  and  8, 

For  diameters  larger  than  6  feet  D'Arcy's  coefficient  changes  very  little,  and 
for  very  large  pipes  does  not  exceed  113.8,  being  only  a  little  greater  for  pipes 
16  feet  or  more  in  diameter.  Eutter^s  coefficient  continues  to  increase  up  to  the 
greatest  diameter  likely  to  be  required  in  practice. 

The  great  advantage  in  Kutter's  formula  is  that  it  adapts  itself  to  a  change  in 
the  condition  of  the  surface  of  the  pipe  exposed  to  the  flow  of  water  by  changing 
the  coefficient  of  roughness  n,  which  may  vary  from  n  ==  0.011  to  0.013,  and 
more  commonly  the  latter,  to  allow  for  the  increasing  roughness  of  surface. 

Keduciug  all  the  foregoing  formulae  to  the  form  v  =  c  i/rif  the  following 
table  gives  the  value  of  c  for  the  several  formulae  named: 


Table  87,  giving  the  Valuk  of  c  in  the  Formul®  Named.    (Fltnn.) 


p-g  OB 

"is. 


Diame- 
ter. 


ft.    in. 
1 
2 
4 
6 


1 

1 

2 

8 

4 

5 

6 

7 

8 

9 

10 

11 

12 

14 

16 

18 

20 


6 


80.3 
92.9 
101.7 
105.3 
100.3 
110.7 
111.6 
112.2 
112.6 
112.8 
113. 
118.1 
113.2 
113.2 
113.8 
113.3 
118.8 
113.4 
118.4 
118.5 
118.5 


^1 


65.1 
74.8 
85.4 
92.8 
106.2 
115.0 
128.5 
183.2 
139.0 
145.2 
150.4 
155.0 
159.1 
162.7 
166.1 
169.2 
172.1 
177.8 
182.9 
186.1 
190.0 


JJO© 


47.1 
61.5 
77.4 
87.4 
105.6 
116.1 
123.6 
133.6 
140.4 
145.4 
149.4 
152.7 
155.4 
157.7 
159.7 
161.5 
168.0 
165.8 
168.0 
169.9 
171.6 


77.5 
94.6 
104.8 
111.3 
120.8 
127.4 
182.3 
136.1 
139.2 
141.9 
144.1 
146.0 
147.8 
149.8 
152.0 
154.2 
156.1 
157.7 


^'88 

♦Jd© 


69.5 
85.8 
94.4 
101.1 
110.1 
116.5 
121.1 
124  8 
127.9 
180.4 
132.7 
134.5 
186.2 
187.7 
140.4 
142.1 
144.4 
146.0 


a 

i 

a 

M 

g 

s 

< 

1 

£ 

& 

Q 

95.8 

97 

100 

54.1 

95.8 

97 

100 

62.5 

95.8 

97 

100 

68.4 

95.8 

97 

100 

70.8 

95.8 

97 

100 

73.5 

95.8 

97 

100 

74.5 

95.8 

97 

100 

74.9 

95.8 

97 

100 

75.5 

95.8 

97 

100 

75.7 

95.8 

97 

100 

75.9 

95.8 

97 

100 

76. 

95.8 

97 

100 

76.1 

95.8 

97 

100 

76.1 

95.8 

97 

100 

76.2 

95.8 

97 

100 

76.2 

95.8 

97 

100 

76.2 

95.8 

97 

100 

76.2 

95.8 

97 

100 

76.3 

95.8 

97 

100 

76.8 

95.8 

97 

100 

76.8 

95.8 

97 

100 

76.4 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 


In  Kutter's  formula  the  value  of  c  depends  upon  those  of  r,  n,  and  i,  so  that 
any  change  in  the  value  of  the  slope  s  causes  a  corresponding  change  in  c;  but 
this  effect  is  small,  as  the  coefficient  of  discharge  c  is  the  same  for  all  slopes 
greater  than  1  in  1000,  and  in  fact  there  is  only  a  slight  difference  in  the  value 
of  c  up  to  a  slope  of  1  in  5000.  And  as  the  changie  is  not  very  marked  in  such 
slopes  as  are  commonly  adopted  for  pipes,  sewers,  and  conduits,  it  will  usually 
be  sufficiently  accurate  to  compute  c  for  only  one  slope,  say  1  in  1000.  For  flatter 
slopes  even  to  1  in  2640,  or  2  feet  per  mile,  the  coefficient  based  on  a  slope  of 
1  in  1000  will  give  an  error  of  less  than  2  per  cent. 

The  following  table  shows  the  change  in  the  .coefficient  c  for  use  in  the 
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formula  ^f  Kutter  with  n  =  0.018  and  with  slopes  from  1  in  1000  to  IId  9000 

V  =  c  ^ri : 

Table  88.    (Flykn.) 


Vt 

1  in  1000 

linSSOO 

11I1888S8 

linBOOO 

0 

c 

c 

c 

0.6 

98.6 

91.5 

90.4 

88.4 

1 

116.5 

115.2 

118.2 

113.2 

2 

142.6 

142.8 

141.1 

141.2 

Mr.  Flynn  gives  in  his  work  a  very  complete  set  of  tables  to  facilitate  tbe 
solution  of  all  problems  relating  to  pipes,  sewers,  and  conduits  by  the  formula 
of  Kutter  and  D'Arcy.  He  first  computed  the  value  of  c  for  different  sizes  of 
of  channels  and  different  values  of  n  from  his  modified  form  of  Kutter^s  formuls, 

V  =  ( -—  )  X  Vr<, 


|l+44.41X;^[ 


the  quantity  in  brackets  corresponding  to  c.    By  this  means  the  complicated 
form  of  Kutter^s  formula  is  reduced  to  the  Chezy  form, 

t?  =  c  ^  X  tT. 

The  following  table  gives  the  value  of  ^  f or  several  values  of  n : 

Table  B9. 


n 

h 

n 

K 

0.009 

245.68 

0.017 

150.94 

0.010 

225.51 

0.018 

145.03 

0.011 

209.05 

0.019 

189.73 

0.012 

105.88 

0.020 

184.96 

0.018 

188.72 

0.021 

130.65 

0.014 

174.77 

0.022 

126.73 

0.015 

165.14 

0.0225 

124.9 

0.016 

157.6 

And  computing  the  value  of  the  Vr  for  a  large  range  of  diameters,  we  have  the 

necessary  elements  to  determine  the  value  of  the  term =  c 

1  +  44.41  X  -^ 

in  the  last  formula. 

Let  the  value  of  n  be  0.018,  then  from  the  above  take  Ae  =  188.78,  and  if  the 
pipe  is  2  feet  in  diameter  the  area  will  be  8.1416  square  feet,  the  oircumfereDoe 
or  wetted  perimeter  will  be  6.2882  feet,  the  hydrauho  mean  depth 

r  =  ^^^  =  0.6   and    ^7=  =  0.707.    Substituting,  c  = 1??:Z?__  =- lou. 

1  +  44.41x5^     • 

In  this  manner  values  of  c  for  any  values  of  n,  r^  and  k  can  be  computed. 

The  value  of  n  =  0.018  is  the  coefficient  of  roughness  for  ashlar  and  well-laid 
brickwork,  ordinary  metal,  earthenware  and  stoneware  pipe  in  good  condition 
but  not  new,  cement  and  terra-cotta  pipe  not  well  jointed  nor  in  perfect  order, 
plaster  and  planed  wood  in  imperfect  or  inferior  condition,  and  also  surfaces  of 
other  material  equally  rough. 
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Let  it,  then,  be  required  to  find  the  mean  velocity  of  flow  in  a  pipe  coming 
under  one  of  the  above  condition^,  2  feet  in  diameter,  and  laid  to  a  slope  i  = 

0.001.  Substituting  in  t?  =  c  V'rt',  i>  =  101.1  x  0.707  x  0.081633  =  2.26  feet  per 
second.  Since  the  area  of  cross-section  is  8.1416  square  feet,  the  discharge  will 
be  Q  =  8.1416  X  2.26  =  7.1  cubic  feet  per  second. 

In  a  similar  manner  the  value  of  the  constant  o  in  D^Arcy^s  formulce  can  be 
computed.  This  substituted,  together  with  the  values  of  r  and  i,  similar  numer- 
ical results  can  be  obtained  as  in  the  above  example.  Flynn^s  modification  of 
Kutter's  and  D'Arcy's  formulse  are  only  intended  to  simplify  the  computations 
necessary  to  find  the  value  of  the  constant  c. 

Mr.  Flynn  says :  (1)  By  Kutter's  formula  the  value  of  c,  or  the  velocity, 
changes  with  every  change  in  the  value  of  r,  i,  and  n,  and  with  the  same  slope 
and  the  same  value  of  nthe  value  of  c  increases  with  i;  that  is,  with  the  increase 
in  diameter  (the  hydraulic  mean  depth  r  is  one  fourth  the  diameter  d).  It  is  on 
this  variability  of  its  coefiGicient  to  suit  the  different  changes  of  slope,  diameter, 
and  lining  of  channel  that  the  accuracy  of  Kutter^s  formula  depends. 

(2)  According  to  Kutter's  formula  the  value  of  c  increases  with  the  increase 
of  slope  for  all  diameters  whose  hydraulic  mean  depth  is  less  than  8.281  feet — 
one  metre,  and  with  a  hydraulic  mean  depth  greater  than  8.281  feet  an  increase 
of  slope  gives  a  diminution  in  the  value  of  c.  For  example,  with  w  =  0.018,  a 
circular  pipe  12  feet  in  diameter  gives,  for  a  slope  of  1  in  1000,  c  =  187.7,  and  for 
1  in  40,  c  =  187.9,  whereas  a  circular  pipe  20  feet  in  diameter,  for  1  in  1000,  c  = 
146.0,  and  for  1  in  40,  c  =  145.7.  It  will  thus  be  seen  that  by  Kutter's  formula 
when  r  =  8  feet,  that  is,  less  than  3.281  feet,  an  increase  in  the  slope  from  1  in 
1000  to  1  in  40  causes  a  slight  increase  in  the  coefiicient,  but  where  r  =  5  feet, 
that  is,  more  than  8,281  feet,  the  same  increase  in  the  slope  causes  a  slight  dimi- 
nution in  the  value  of  c. 

(8)  By  Kutter's  formula,  when  the  hydraulic  mean  depth  (?•)  is  equal  to  3.281 

a/q    QQI  1     ftl  1 

feet,  the  value  of  c  is  constant  for  all  slopes,  and  is  =  — - —  =  q  aTo  =  139.31 

=  c.  This  is  the  only  instance,  I  believe,  where  Kutter's  formula  gives  a  con- 
stant coefficient  with  a  change  of  slope. 

Example. — Given  the  discharge  and  dimensions  of  the  cross*8ection  of  a 
rectangular  (masonry)  inverted  siphon,  to  find  its  grade  or  fall  from  surface  of 
water  at  inlet  to  its  outlet,  capable  of  discharging  100  cubic  feet  per  second. 

Let  the  area  of  cross-section  =.3x4  feet  =  12  square  feet;  then  v  =  ^^V  = 

81  feet  per  second;  r  =  ^f  =  0.86,  nearly;  Vr  =  1^0.86  =  0.98,  nearly.  Assum- 
ing a  rough  lining  corresponding  to  n  =  0.020,  and  having  v  and  r,  it  is  required 
to  find  i.  This  operation%by  Kutter's  formula  will  be  long  and  laborious.  So, 
using  Flynn's  modification,  we  find  k  corresponding  to  n  =  0.02,  in  Table  89, 
equal  to  134.96.    Then 

k  134.96  ^^  ^^ 


1  + 


(«.„.4)      ..(«.«xS) 


and  from  v  =  c  Vri  we  have 

*  =  X  =  (68.9?  X  0.86  =  '■''''  ""'  *^«  '''^- 
Then  the  fall  will  be  y  =  0.0197.    .-.  h  =  0.0197? ;  and  if  the  length  I  =  1000 
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feet,  theu  the  fall  or  difference  in  level  between  the  inlet  and  outlet  ends  will  be 
h  =  19.7  feet. 

This  head  of  19.7  feet  can  be  applied  in  one  of  three  ways: 

(1)  The  culvert  may  have  a  level  floor,  and  a  head  of  pressure  of  19.7  feet  be 
maintained  at  the  inlet  end. 

(2)  A  fall  of  19.7  feet  may  be  given  between  the  two  ends. 

(3)  A  less  fall  than  19.7  feet  may  be  given,  and  a  sufficient  bead  above  the 
inlet  end  be  given  to  maintain  the  required  velocity.  For  the  same  area  of  chau- 
nel  a  circle  has  the  greatest  hydraulic  mean  depth,  and  therefore  requires  th  • 
least  head  to  give  the  same  velocity.  The  above  rectangular  channel  contains  VI 
square  feet  area.    A  circular  pipe  with  the  same  area  has  a  diameter  of  3.9*.^ 

feet,  its  hydraulic  radius  r  =  0.98,  and  c  Vr  =  70.18  x  0.99  =  69.48, 

.••  4^  =  ^^  =  0.11965,     and    «  =  0.01449  for  the  slope. 
69.48 

The  fall  h  ^  0.01449  x  1000  =  14.49  feet,  as  compared  w^ith  19.7  feet  for  tbi: 
rectangular  conduit. 

Example. — Given  the  grade,  mean  velocity,  and  value  n,  of  a  circular  sewer 
to  find  its  diameter. 

Let  the  grade  be  1  in  500,  the  mean  velocity  3  feet  per  second,  and  n  =  0.015. 
Eequired  the  diameter. 

For  a  slope  of  1  in  500,  the  /7  =  0.044721,  and  t?  =  8;  then  ci^  =  J-^ 
=  r.  ^AAr,c^<  =  67.0:  c  found  by  Flynn's  modification  of  Kutter's  formula  will  be 

0.044731 

about  88.0,  and  then  the  square  root  of  r,  i.e.,  Vr  =  0.76,  and  r  =  0.58,  and 
diameter  d  =  4r  =  2.32  feet. 

It  is  evident  from  the  above  that  any  assumed  value  of  c  will  give  a  corre- 
sponding value  of  i^r ,  but  with  a  given  value  of  n  the  relation  between  c  and 

i^r  is  fixed.     In  such  cases  it  is  therefore  necessary  to  tabulate  a  number  of 
values  of  c  based  on  values  of  n,  r,  and  t,  and  from  this  table  find  that  \'alue  of 

c  i/r  which  corresponds  with  the  number  required — 67.0  in  the  above  case.  For 
instance,  Mr.  Flynn  has  calculated  a  number  of  tables  ba^ed  upon  the  several 
values  of  n  and  d  from  n  =  0.009  to  0.02  inclusive,  and  diameters  of  pipe  (/ 
from  5  inches  to  20  feet ;  the  corresponding  values  of  r  are  one  fourth  thediamf^ 
ters  for  circular  pipes,  sewei-s,  and  conduits,  etc.,  flowing  full.  These  tables  are 
true  for  any  value  of  i  greater  than  1  in  1000,  and  praciically  so  for  i-alues  up  t.> 
1  in  2640,  which  will  cover  the  range  of  slope  in  practice.  The  value  of  n  =  0.015 
:applies  to  second-class  or  rough-faced  brickwork,  well-dressed  stonework,  fonl 
and  slightly  tuberculated  iron,  cement  and  terra-cotta  pipes  with  imi>erfect  joiKt> 
.and  in  bad  order,  canvas  lining  on  wooden  frames,  and  also  surfaces  of  otht-r 
•channels  equally  rough.  With  this  value  of  n,  i  =  0.001,  and  with  assumed 
Talucs  of  r  from  5  inches  to  20  feet  substituted  in 

i/r  =z  c  Vr, 


(1+44.41-^) 

the  table  is  formed  from  which  the  writer  abstracts  the  following,  reproducing 
only  a  few  of  the  results  for  diameters  corresponding: 
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Table  90. 

n  =  0.015. 

d  =  diameter  in 

a  —  area  in 

For  Telocity 

For  discharge 

ft. 

in. 

sq.ft. 

cVr 

aeVr 

6 

0.196 

20.21 

8.9604 

1 

0.785 

35.40 

27.803 

1 

6 

1.767 

48.38 

85.496 

2 

3.142 

60.08 

188.77 

2 

4 

4.276 

67.32 

287.87 

3 

7.068 

80.77 

570.90 

4 

12.566 

99,10 

1245.30 

5 

19.635 

115.7 

2272.7 

6 

28.274 

181.0 

3702.3 

7 

38.485 

145.3 

5591.6 

8 

50.266 

158.7 

7978.3 

10 

78.540 

183.7 

14426.0 

13 

113.10 

206.5 

23352.0 

14 

153.94 

227.8 

35073.0 

16 

201.06 

247.8 

49823.0 

18 

254.47 

266.6 

67839.0 

20 

314.16 

284.6 

89423.0 

As  in  the  last  example  we  found 

cf^=  67.0,  we  look 

in  the  table  above  for  the 

nearest  value  to  this, 

which  is  found  opposite  the  diameter  2  feet  4  inches,  agree- 

ing  practically  with  the  value  of  d 

=  2.32  feet  ==  2  feet  3.8  inches. 

The  advantage  derived  from  i 

such  tables  needs  no 

comment.     Having  the 

diameter,  the  area  is  found  at  once,  and  is  =  (2.32)'  ^  -r  =  4.227  square  feet ;  the 

nearest  in  the  table  is  4.276.  Since  the  velocity  is  3  ft.  per  second,  the  discharge 

Q  =  4.227  X  3  =  12.681  cubic  feet  per  second,  and  from  the  table  ac  Vr  =  287.87; 
consequently  the  discharge 


Q  =  acVr  y^  Vi-  287.87  x  4^1/500  =  287.87  x  0.04472  =  12.874  cu.  ft.  per  sec. 

Similarly  other  tables  can  be  formed. 

Example. — Given  the  diameter,  discharge,  and  value  of  n  of  a  circular  con- 
duit flowing  full,  to  find  the  slope  or  grade.  To  enable  us  to  use  the  foregoing 
table  90,  let  n  —  0.015,  diameter  c?  =  5  feet,  discharge  Q  =  100  cubic  feet 
per  second.     Opposite  5  feet  in  table  we  find 

ac  Vr  =  2272.7     Q  =  aci^-  x  ^i\ 


.-.  4/i  = 


Q      _    100 


ac  VT      ^^'^2.7 


=  0.044,     8  =  0.001936, 


corresponding  to  a  slope  of  1  in  515. 

The  following  examples  are  given  to  illustrate  further  the  subject  under  con- 
sideration. 

To  find  the  diameter  in  three  sections  of  an  intercepting  sewer,  with  increas- 
ing discharge,  the  grade  or  inclination  being  the  same  throughout,  and  the  value 
of  n  also  given. 

A  circular  sewer  with  that  condition  of  inner  surface  corresponding  to 
71  =  0.015  has  to  discharge,  for  1000  feet  of  its  length,  10  cubic  feet  per  second; 
flowing  full,  for  500  feet  of  its  length,  15  cubic  feet ;  and  for  800  feet,  20  cubic 
feet.     The  total  fall  available  is  10  feet.  Required  the  diameter  and  fall  for  each 
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section.  The  total  length  is  2300  feet,  the  total  fall  10  feet;  the  rate  of  fEdl  there- 
fore is  1  in  230.    This  corresponds  to  a  slope  i  =  0.004348,  and  f^'  =  0.065938. 

From  Q=iac  X  Vr  x  yi  ]  ac  i/r  =  —rr. 


.  t 

For  first  section,  ae  i/r  =  ^^^  =  151.66; 

"  ^^^'^    "  "     =  0-M8  =  '''''' 

By  interpolation  we  find  from  Table  90  that  151.66  corresponds  to  a  diame- 
ter of  1  foot  10  inches,  227.49- to  2  feet  2^  inches,  and  803.32  to  2  feet  4  inches, 
nearly.    The  table  is  not  computed  suflSciently  close  for  accurate  inteipolati<XL 

The  slope  i  being  0.004348, 

The  fall  of  the  first  section  =  0.004348  x  1000 
a     tt   a     u  second  '*      =  **       X    500 

**     "   *'    **  third     **      =         "X    800 


Then 


1st  section,  diameter  1'  10'',     fall  4.348  ft. 
2d        **  "        2'2V',       '*    2.174  ft 

8d        **  **        2' 4",         "    3.478  ft, 


Total  fall,  10.000  ft. 

Mr.  Flynn  has  also  calculated  the  constants  for  use  in  egg-shaped  sewers,  for 
different  values  of  n.  The  writer  introduces  here  an  abbreviated  table  for 
n  =  0.011.  This  value  of  n  applies  to  plaster  in  cement  with  one  third  sand  in 
good  condition ;  also  for  iron,  cement,  and  terra-cotta  pipes,  well  jointed  and  in 
best  order,  and  also  the  surfaces  of  other  materials  equally  rough.  The  egg- 
shaped  sewer  referred  to  has  a  vertical  diameter  equal  to  1.5  times  the  greatest 
transverse  diameter  2>,  that  is,  the  diameter  at  the  top  of  the  sewer.  The  first 
table  is  for  a  sewer  flowing  full  depth. 

Area  of  egg-shaped  sewer  ==  2>*  x  1.148525 
Perimeter  =  D  x  3.9649 

Hydraulic  mean  depth       =  JD  x  0.2897 

n  =  0.011 


Table  91 

. 

Size  of  Sewer. 

Area  Id 

For  Velocity 

For  Di8cfaars» 

ft.      ft.  In. 

sq.ft. 

ci^ 

aeVr, 

1x16 

1.1485 

58.8 

67.5 

2x8 

4.5941 

96.8 

444.  T 

3x46 

10.377 

127.7 

1825.1 

4x6 

18.376 

154.7 

2843.9^ 

6x76 

28.718 

179.0 

5140.6 

6x9 

41.347 

201.0 

8312.  r 

7  X  10  6 

56.278 

221.6 

12478.6 

8  X  12 

73.506 

240.8 

17704.0 

10  X  15 

114.853 

276.6 

81754.0 

12  X  18 

166.388 

308.7 

51061.0 
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Ej;g-8haped  sewers  flowing  two-thirds  full  depth.    Vertical  diameter  1.6  times 
the  greatest  transverse  diameter. 


Siie  of  Sewer. 


ft. 
1 

a 

8 

4 
5 
6 
7 
8 
10 
12 


X 
X 
X 
X 
X 
X 
X 
X 
X 
X 


ft. 

1 

3 
4 
6 
7 
9 

10 
12 
15 
18 


in. 
6 

6 

6 

6 


Area  of  water  section  = 
Wetted  perimeter  = 
Hydraulic  mean  depth  = 

n  = 

Table  92. 

Area  in 
■q.  ft. 

0.7658 
8.0282     . 
6.8022 

12.098 

18.895 

27.210 

87.035 

48.872 

75.582 
108.838 


2>»x  0.755825 
D  X  2.8941 
D  X  0.3157 
0.011 


For  Velocitj 
e^, 

62.71 
102.9 
135.8 
163.7 
189.0 
212.3 
284.0 
254.1 
291.3 
825.1 


For  DiBeharge 
aeVr. 

47.40 

811.2 

920.5 

1979.6 

8571.8 

5776.3 

8670.0 

12293.0 

22018.0 

35887.0 


Elgg-shaped  sewers  flowing  one- third  fuU  depth.    Vertical  diameter  1.5  timea 
the  greatest  transverse  diameter. 


Siae  of  Sewer. 

ft. 

ft. 

in. 

1 

X 

1 

6 

2 

X 

3 

8 

X 

4 

6 

4 

X 

6 

5 

X 

7 

6 

6 

X 

9 

7 

X 

10 

6 

8 

X 

12 

10 

X 

15 

12 

X 

18 

Area  of  water  section  = 
Wetted  perimeter  = 
Hydraulic  mean  depth  = 

n  = 

Table  93. 

Area  In 

aq.  ft. 

0.2840 

1.1360 

2.5560 

4.5440 

7.1000 
10.224 
13.916 
18.176 
28.400 
40.892 


2>'x  0.284 
D  X  1.8747 
D  X  0.2066 
0.011. 


For  Veloolty 

cVrT 

45.72 

76.26 
101.6 
128.6 
143.3 
161.6 
178.9 
194.8 
224.2 
251.8 


For  Discharge 

12.98 

86.63 

259.8 

561.5 

1017.8 

1652.4 

2489.4 

8541.7 

2866.4 

10277.0 


The  foregoing  tables  are  based  on  Eutter's  formula  with  n  =  0.011. 

Example. — ^To  find  the  dimensions  of  an  egg-shaped  sewer  to  replace  a  circular 
sewer. 

A  circular  sewer  5  feet  in  diameter  and  5280  feet  in  length  has  a  fall  of  12  feet. 
It  is  desired  to  replace  it  with  an  egg-shaped  sewer  with  a  fall  of  6  feet ;  that  th& 
discharge  flowing  full  shall  be  the  same,  n  =  0.011. 

A  slope  of  12  in  5280  =  1  in  440.     For  1  in  440,   i  =  0.0022727,   and 

4/i  =  0.047673.    From  a  table  computed  with  n  =  0.011,  we  will  find  acVr=z 
8191.8  opposite  diameter  of  5  feet.    This  table  would  be  similar  to  Table  90. 
Then  Q  =  3191.8  x  0.047673  s=  152.16  cubic  feet  per  second  for  the  discharge 
of  the  circular  sewer. 


1548  SUPPLEMEKT. 


The  egg  -  shaped  sewer  is  to  have  a  grade  of  6  in  5280  =  1  io  880 ;  then 
^  =  0.00118635,  and  V'i  =  0.038710.    Then  for  the  ^^-shaped  sewer 

,-        Q  152.16        ,^^^^ 

^'^''  =  ':^=o-:o3-87r  =  ^^^^-^- 

The  nearest  value  to  this  in  Table  91  is  5140.6  opposite  a  sewer  5'  x  7.6". 
By  interpolation  the  proper  size  is  4'  10"  x  T  8". 

Example. — To  find  the  dimensions  and  grade  of  an  egg-shaped  sewer  flowing 
full,  the  mean  velocity  and  discharge  being  given. 

Assume  a  velocity  of  4  feet  per  second,  and  the  discharge  100  cubic  feet  per 
second,    n  =  0.011.     Required  its  dimension  and  grade. 

Area  a  =  ^  =  -— •  =  25.    The  ne&rest  area  in  Table  91  is  28.713,  opposite 
V        4 

5'  X  7'  6";  but  by  interpolation  or  from  a  more  complete  table  it  would  be  foand  to 

be  4'  8"  X  7'  0".    In  the  same  line  we  find  c  ^r  =  179.0,  and  ac  ^  =z  5140.6,  or 
more  accurately  171.0  and  4279.1,  respectively.    Then  to  find  the  slope, 

r-  Q  100 

and  t  =  0.0005464,  corresponding  to  a  slope  of  1  in  1880. 

If  the  same  discharge  and  velocity  be  assumed,  with  a  sewer  flowing  two- 
thirds  full,  the  process  is  the  same,  only  using  Table  92. 

Area  a  =  25  as  before;  the  nearest  number  in  Table  92  is  27.210,  cor- 
responding to  dimensions  6'  x  9',  or  more  accurately  5'  10"  x  8'  9";  c  Vr  =  208.6; 

ac  |/r=  5864.8  by  interpolation.     Then  fT  =  — ^  =  rr^T-r  =  0.01862,  and 

flKJ  yV         Ooo4.o 

8  =  0.0003467,  or  a  slope  of  1  in  2885. 

Examples  could  be  multiplied  to  any  extent.  The  foregoing  serves  to  show 
the  method  of  making  the  computations  when  no  tables  are  available,  and  tlie 
manner  of  using  such  tables  when  accessible. 

WATER-SUPPLY  OF  SOME  LARGE  CmES. 

(Abstracted  from  an  article  in  the  Journal  of  the  Aiwociation  of  Engineering:  Societia  bj 

Mr.  Allen  Hasen.) 

FILTERED   RIVER-WATER  SUPPLIES, 
atlee.  Population.         MllUon  gaUons dally.       ^^^h^±^ 

London 5,030.000  190  88 

Berlin 1,606,000  26  16 

St.  Petersburg 960, 000  89  40 

Hamburg 583,000  82  58 

Warsaw 500,000                   '     6  12 

Breslau 835,000  7  22 

Rotterdam 240,000  18  64 

Magdeburg 200,000  6  24 

FILTERED  WATER  FROM  SOURCES  OTHER  THAN  RIVERS. 

Amsterdam 515,000  10 

Liverpool 815,000  22 

Bradford 364,000  12 

Dublin 327,000  18 


WATBB-SUPPLY  OF  LABQE  CITIES. 
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The  water-supply  for  the  first  is  from  dunes  and  carried  in  canals. 
For  the  last  tnree  from  storage-reservoirs. 


GROUND-WATEB  SUPPUISS. 


atf. 


Fopnlatloii. 


Paris 2,500,000 

Vienna 1,000,000 

Budapest 500,000 

London,  Kent  Co 460,000 

Leipzig 860,000 

Munich 800,000 

Dresden 280,000 

Cologne 255,000 

frankfort-on-Main 186,000 


MllUon 

Qalloiifl 

Daily. 

58 

28 

22 

16 

5.5 
11.5 

6. 
11.5 

6.7 


CtaUoBfl 

DaUy 

per  head. 

21 
28 
44 
85 
15 
88 
21 
45 
86 


SooroM. 


From 
springs, 
wells, 
and 
filter- 
galleries 


Paris  uses  80,000,000  gallons  of  river  water  daily  for  public  and  manu- 
facturing purposes. 

tJNFILTERED  SURFACE-WATER  SUPPLIES. 

Manchester 068,000  24  24 

Sheffield 824,000 

Glasgow 794,000  50  64 

The  first  two  are  from  storage-reservoirs,  the  last  from  Loch  Elatrine.. 


WATER-SUPPLIXS  FOR  SIX  OF  THE  LARGEST  AMERICAN  CITIES. 


Cities. 


Population. 


Million 

Gallons 

Dally. 

Gallons 
Daily 
per  head. 

Sources. 

152 
188 

140 
182 

Lake  Michigan 
Rivers 

121 
55 

79 
72 

Storage  reservoirs 
Wells  and  rivers 

47 

186 

Rivers 

42 

80 

Storage  reservoirs 

Chicago 1,099,850 

Philadelphia 1,046,964 

New  York 1,515,291 

Brooklyn 776,838 

Buffalo 255,664 

Boston 527,606 

Continental  cities  are  almost  invariably  supplied  with  either  ground-water  or 
filtered  river- water ;  impounding  reservoirs  are  practically  unknown.  England 
and  America  have  great  dams  and  reservoirs.  In  England  water  from  reservoirs 
is  filtered  as  a  rule,  and  is  required  by  law  to  be  so  in  Germany. 

Amsterdam  has  6200  acres  of  dunes,  which  are  drained  by  15  miles  of  open 
canals  located  below  ground  water-line.  The  yield  of  the  land  is  14  inches;  total 
rainfall  28  inches.  The  summer  precipitation  is  practically  lost  by  evaporation 
and  absorption  ;  that  of  winter  only  used  for  water-supply. 

Paris  is  supplied  by  aqueducts  from  springs  in  the  valley  of  Avre.    There  are 


12  miles,  diameter  5i  feet,  fall  1  in  2500 ; 
46     '*  *'         6      "       "1  in  8800, 


5  miles  of  siphon  where  two  lines  of  40-inch  pipes  are  used ;  fall  1  in  800.    Total 
length  of  aqueduct  is  68  miles ;  total  fall,  182  feet. 
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AB8TBAGTS  FBOU  AN  ARTICLE  ON  WIND  PBESSUBES  IN  ENGINESBING  OONSTBUCnON, 

BY  W.    H.    BIZBY,   CAPTAIN  OF  ENGINEERS,    U.  8.  A.* 

Bridge  Spans, — The  exposed  area  of  spans  is  figured:  First,  of  the  unloftded 
bridge,  the  wind  pressure  being  treated  as  a  dead  load;  second,  of  the  load»i 
bridge,  the  wind  pressure  on  the  train  being  considered  as  a  live  load;  and  then 
«ach  portion  of  the  wind  bracing  is  dimensioned  to  stand  the  maximum  strain 
that  may  come  upon  it  under  either  condition  of  load.  The  exposed  area  of  a 
girder  is  measured  by  taking  the  front  surface  of  each  psrt  {such  as  the  ordinarr 
upper  chords  and  posts)  which  stands  by  itself,  1.5  times  the  front  sarfaees  of 
tliose  parts  (as  ordinary  ties)  which  are  in  pairs,  and  2  times  the  front  surface  of 
those  parts  (as  ordinary  lower  chords)  which  are  oomposd  of  several  bars,  one 
behind  the  other. 

The  wind  pressure  on  the  unloaded  bridge  is  calculated  at  80  to  50  pounds  per 
square  foot  on  the  exposed  area  of  the  floor  system,  and  of  either  two  open 
girders,  or  one  closed  or  plate  girder.  The  train  is  treated  as  a  oontinnons  surface 
of  10  feet  height,  with  its  bottom  2.5  feet  above  the  rails.  The  exposed  area  of  the 
loaded  bridge  is  measured  by  adding  together  the  exposed  surfaces  of  all  the 
windward  girder  of  the  floor  system,  of  the  train,  and  of  all  the  leeward  girder  (or 
at  least  so  much  of  it  as  is  not  completely  and  closely  sheltered  by  the  train).  In 
calculating  the  stresses  on  each  wind  truss  the  loads  are  assumed  as  exerted  on 
the  windward  side.  The  chords  and  end  posts  of  the  main  trusses  are  not  usually 
stiffened  or  increased  in  size  on  account  of  the  assumed  wind  stresses,  exoepc, 
first,  when  such  stress,  alone  or  in  combination  with  a  temperature  strain,  may 
change  the  strain  from  tension  to  compression  in  a  chord  built  to  stand  only 
tension;  and  second,  when  the  wind  stress  on  any  member  exceeds  25  percent  of 
the  sum  of  the  maximum  stress  due  to  the  dead  load  added  to  that  due  totbe  hre 
load. 

Members  subject  to  alternate  tensile  and  compressive  stresses  are  built  to  resist 
each,  and  proportioned  so  as  to  stand  each  stress  alone,  increased  by  an  amount 
equal  to  80  per  cent  of  the  lesser. 

The  sway-bracing  which  is  placed  between  the  vertical  posts  of  the  main 
trusses  at  each  panel  point  is  introduced  in  order  to  prevent  independent  lateral 
vibration  and  swaying  of  the  vertical  trusses;  also,  to  stiffen  the  longTertical 
posts,  as  well  as  to  assist  in  carrying  some  of  the  wind  stresses  to  the  leewara  girder 
In  double-track  railway  bridges  the  sway-bracing  also  helps  to  prevent  lateral  dis- 
tortion of  the  cross -sections  of  the  bridge  under  a  load  on  a  snigle  track;  but  the 
extra  stress  due  to  such  work  is  usually  comparatively  slight.  The  main  stress 
on  the  sway-bracing  comes  usually  when  the  wind  is  blowing  on  the  unloaded 
bridge,  in  which  case  the  web  members  of  the  lateral  system  of  the  loaded  chords 
are  only  about  one-third  ]oaded,'while  the  web  members  of  the  other  lateral  system 
are  fully  loaded,  giving  rise  naturally  to  unequal  lateral  deflection,  and  the  trans- 
fer of  some  stress  from  the  weaker  system  through  the  sway-bracing  to  the  stiffer 
sj'stom.  The  parts  of  the  sway-bracing  are  therefore  usually  dimensioned  so  as 
to  be  able  to  carry  50  per  cent  of  the  wind  load  due  to  each  panel  of  the  bridpp. 

On  ordinary  heavy  railway  bridges  the  exposed  areas  per  linear  foot  may  1* 
rouu:hly  estimated  at  10  sq.  ft.  for  the  train,  1  sq.  ft.  for  ends  of  the  ties  and  sides 
of  ilie  guard-rails,  4  sq.  ft.  for  the  longitudinal  floor-girders  (or  stringers),  and 
5.0  sq.  ft.  per  linear  foot  for  each  truss  (or  girder),  or  a  total  of  10  to  14  sq.  fr. 
for  the  dead  wind  load  on  t^he  two  trusses  and  floor,  or  2.5  to  3.5  sq.  ft.  for 
each  chord.  In  ordinary  double-track  railroad  bridges,  with  vertical  sway- 
bracing,  the  weight  of  this  bracing  for  both  trusses  may  be  roughly  estimated  at 


*  A  very  full  and  valuable  discussion  on  Wind  Prewures  and  Wind  Bracing  m  foand  ia 
Engineering  Newa^  March  14,  1895. 
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(  170  "^ )  Tn  ^^  po^t^ds  per  linear  foot  of  track,  in  which  I  is  length  in 

feet,  N  is  the  number  of  panels,  p  is  the  panel  length  in  feet,  and  6  is  the  width 
of  bridge  in  feet. 

When  bridges  are  built  on  a  curve  they  must  also  be  stiffened  laterally  against 
the  centrifugal  force  of  the  moving  train.  This  extra  stress  is  estimated  at 
O.0000117 FDP,  in  which  Fis  the  velocity  in  miles  per  hour,  Pis  the  weight  of 
the  train  in  tons,  D  is  the  degree  of  the  curve  or  the  angle  subtended  at  the 
centre  by  a  chord  of  100  feet  of  track.  For  a  speed  of  80  miles  per  hour  this 
amounts  approximately  to  1  per  cent  of  the  weight  of  the  train  for  each  degree  of 
curvature,  and  each  additional  10  miles  is  assumed  to  add  as  much  more.  This 
c*entrif ugal  force  is  assumed  to  act  at  a  level  of  6  feet  above  the  rails.  This  stress 
is  carried  by  the  floor-beams  to  the  posts  of  the  outer  trusses,  and  thence  through 
the  lateral  trusses  to  the  rest  of  the  bridge.  As  one  of  the  lateral  systems  usually 
lies  close  to  the  flooring,  most  of  the  stress  comes  upon  such  system,  and  its 
amount  is  usually  added  to  that  of  the  wind  stresses,  and  treated  as  if  it  were  an 
«xtra  and  live  wind  load  on  one  side  of  the  bridge. 

Initiai  Tension. — All  of  the  rods  of  the  wind  trusses  must  be  further  strength- 
ened to  cover  the  initial  tension  (ordinarily  given  them  by  turnbuckles  in  bringing 
all  pieces  to  their  proper  bearings);  and  this  initial  tension  is  usually  estimated 
At  1.0  ton  for  1.0  inch  diameter  round  rods,  plus  0.25  ton  for  each  additional 
0.125  inch  of  diameter,  or  1.125  tons  for  1.0  inch  square  rods,  plus  0.281  ton  for 
each  additional  0.125  inch  of  side,  or  equal  allowances  for  equal  areas  of  other 
shapes. 

Piers  and  Towers, — In  the  calculation  of  wind  stresses  on  piers  or  towers  the 
same  rules  apply,  with  slight  modifications  as  follows:  The  wind  pressure  on  the 
whole  pier  is  calculated  at  that  of  the  front  surfaces  of  the  train  and  of  all  floor 
systems  of  the  pier,  added  to  twice  that  of  the  trussing  of  the  front  face  of  the 
tower,  assuming  the  wind  pressure  on  the  pier  and  train  together  at  80  pounds 
per  square  foot,  and  on  the  unloaded  pier  at  50  pounds  per  square  foot,  and  pro- 
viding against  the  most  unfavorable  of  the  two  cases.  In  figuring  the  weight  of 
the  loaded  pier  the  train  weight  is  to  be  taken  at  that  of  the  lightest  train  that 
would  not  be  blown  over  by  a  80-1  b.  wind  pressure.  The  pier  must  then  be  given 
base  enough  to  prevent  its  overturning,  and  also  enough  to  prevent  any  tensile 
stresses  iii  its  posts. 

On  the  opeu>work  piers  of  the  average  railroad  bridge  the  exposed  area  of 
each  side  truss  of  the  pier  is  roughly  estimated  at  4.5  square  feet  per  lineal  foot 
of  height.  The  inclined  and  horizontal  bracing  of  piers  and  trestles  is  to  be 
made  strong  enough  to  resist  the  stresses  of  all  wind  and  centrifugal  forces,  and 
of  the  resistances  to  sliding  horizontally  on  the  foundations;  while  the  columns 
are  to  be  made  strong  enough  to  carry, the  vertical  components  of  the  stresses 
due  to  wind  and  centrifugal  forces,  as  well  as  the  loads  of  the  train,  track, 
girders,  and  pier  itself. 

Longitudinal  Bracing, — Ordinarily  no  allowances  are  made  for  any  longi- 
tudinal wind  stresses  on  the  bridge.  The  piers,  however,  need  and  receive  longi- 
tudinal bracing  to  resist  stresses  restjlting  from  a  longitudinal  force  of  about  20 
per  cent  the  dead  load  of  the  train  (or  800  lbs.  per  Tin.  ft.),  due  to  a  possible 
sudden  application  of  the  train  brakes,  and  this  allowance  is  also  expected  to 
cover  any  longitudinal  wind  stresses;  but  usually  the  columns  of  the  towers  are 
not  given  any  extra  cross  section  or  strength  to  carry  these  infrequent  stresses, 
since  such  stresses  will  probably  not  occiir  during  high  wind  or  during  other 
znaximnm  loads: 

Where  the  end  of  the  bridge  slides  on  a  bed-plate  during  extension  of  the 
bridge  under  temperature  strains  the  stress  of  sliding  friction  is  usually  taken' as 
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25  per  cent  of  the  dead  load  on  the  bed-plate,  and  is  added  in  with  the  longitnd- 
inal  strain  due  to  the  application  of  the  train-brakes  ;  but  special  arrangements 
may  sometimes  have  to  be  made  to  take  special  care  of  such  stresses. 

Dimensioning. — In  ordinary  wrought-iron  railway  bridges  (in  which  the 
wrought  iron  has  an  ultimate  strength  of  50,000  pounds  per  square  ineh,  with  a 
stretcn  of  12.5  to  18.0  per  cent,  and  an  elastic  limit  of  26,000  pounds)  the  strefiftes 
allowed  per  unit  of  structure  are  from  5000  to  6000  pounds  per  square  inch  of 
net  area  on  tension  floor-beam  hangers  and  other  members  liable  to  irregular  and 
sudden  strains;  8000  pounds  on  floor-beams,  stringers,  and  plate-girders;  15.000 
pounds  on  tension  pieces  of  wind  and  other  lateral  bracing;  9000  to  10,000  pounds, 
(reduced  for  length)  on  compression  post  of  lateral  and  other  wind  bracing:  7500 
to  8000  pounds  for  other  live  loads,  and  15,000  to  16,000  pounds  for  dead  loads 
(reduced  for  length)  on  compression  chords  and  posts  of  the  main  trusses;  4000 
pounds  for  shearing  of  web  plates;  and  7500  [K)unds  for  shearing,  12,000  pounds 
for  crushing,  and  15,000  pounds  for  bending  of  rivets  and  pins.  The  reduciions 
for  length  to  be  deducted  from  the  above  limiting  stresses  in  compression  pieces 
vary  from  dOl/r  to  40//r  for  ordinary  live  loads,  from  50//r  to  60//r  for  wind 
strains,  and  from  &Ol/r  to  SOI/?'  for  ordinary  dead  loads,  in  which  /  is  the  length 
of  the  compressed  piece  in  inches  and  r  is  the  least  radius  of  gyration  of  its  sec- 
tion in  inches.  No  compression  member  is  allowed  to  have  a  greater  length  than 
forty-flve  times  its  least  diameter  or  width.  Girders  are  given  depths  of  from 
•^  to  -^  their  spans. 

Soft  steel  may  ordinarily  be  considered  as  from  10  to  15  per  cent  stronger 
than  wrought  iron,  and  medium  steel  as  from  20  to  22  per  cent  stronger  than 
wrought  iron. 

New  Fof'mulce, — Although  the  above  represents  fairly  the  average  practice  of 
to-day  in  the  dimensioning  of  bracing,  there  is  a  rapidly  increasing  tendency 
amongst  bridge  engineers  towards  determining  the  dimensions  of  tension  an& 
compression  members  of  all  trusses,  including  those  of  wind  bracing,  by  the  use 
of  new  formulsB,  which  take  into  consideration  for  each  piece  its  ultimate  break- 
ing strength  (6)  under  a  single  applied  tensile  stress,  its  limit  of  elasticity  (e) 
beyond  which  a  single  tensile  stress  may  produce  a  permanent  set,  its  safe  limit 
for  simple  repeated  strains  (p)  of  either  tension  or  compression  alone,  its  safe 
limit  for  repeated  reversal  of  strains  (v)  from  tension  to  compression  or  Hee 
versa,  and  its  maximum  (m)  and  minimum  (n)  strains  of  simple  repetition  of 
compression  alone  or  tension  alone,  or  its  maximum  (m)  of  the  kind  of  straio 
which  is  the  greater  and  the  minimum  in)  of  the  other  kind  which  is  the  lesser 
in  case  of  repeated  reversal  of  strains.  The  repetition  limit  has  been  found  by 
experiment  to  be  a  little  less  than  the  limit  of  elasticity,  and  at  the  same  time  to 
vary  between  one  half  and  two  thirds  of  the  breaking  strength  of  the  metal;  and 
the  reversal  limit  (called  vibration  resistance  by  Woehler)  has  been  found  in  the 
same  way  to  vary  between  one  half  and  two  thirds  of  the  repetition  limit.  In 
the  case  of  an  ordinary  wrought  iron  whose  ultimate  strength  or  ordinary-  break- 
ing limit  is  50,000  pounds  per  square  inch,  the  elastic  limit  may  be  about  60  per 
cent  of  this  or  30,000  pounds,  the  repetition  limit  about  52  per  cent  or  26,000 
pounds,  and  the  reversal  limit  about  32  per  cent  or  16,000  pounds. 

Launhardt  and  Weyrauch  FonntdcB. — From  the  results  of  the  experiments 
of  Woehler  and  others,  Prof.  Launhardt  has  deduced  formulsB  of  the  form  of 

S  «  —pi  1  H •  —  1  for  repeated  stresses  of  tension  or  compression  alone, 

and  Prof.  Weyrauch  has  deduced  formulae  of  the  form  J3  =  -pi  1 —J  for 

repeated  stresses  of  alternate  tension  and  compression,  in  which  S  is  the  safe  ioad^ 


iron 
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c  is  a  constant  of  safety  taken  usually  at  about  8.5,  and  the  other  quantities  are  as 

above  described,  all  values  being  in  the  same  unit— usually  pounds  per  square  inch. 

6  p 

If  p  =  r  and  t?  =  ^,  as  in  grades  of  ordinary  wrought  iron,  then  these  formu- 

1     bf        n\ 
led  reduce  to  i8^=  -  •  rl  1  +  -  1  for  repeated  stresses  of  either  tension  or  com- 
pression alone,  8  =s  -  -  -ll  ^  ^  '  —)  tor  repeated  stresses  of  alternate  tension 
and  compression,  and  S  =  -  .b  for  unvarying  dead-load  stresses;  S:=-  •  ^6  for 

repeated  stresses  of  equal  intensity,  if  unreversed,  S  ^  -  '  i  ^^^  repeated  stresses 
of  equal  intensity.  It  p  =ib  and  v  =  }p,  as  in  some  special  grades  of  wrought 
then  these  formulae  reduce  to  S  =  -  *o'b{l  +  «— )  for  simple  repetitions, 

8='  '  a  '  ^{^  ""  s "~ )  ^^^  repeated  reversals,  and  8=  - .  ft  for  unvarying  dead- 

1    2 

load  stresses  as  before ;  8  =  -  '  z.b  for  repeated  stresses  of  equal  intensity,  if 

1    4 
unreversed,  8  =  -  •  ^ .  6  for  repeated  reversal  stresses  of  equal  intensity.    In  the 

case  of  long  struts  the  safe  load  must,  of  course,  be  further  reduced  by  the  usual 
forroulce  applicable  to  such  cases — either  Rankine's,  Gordon^s,  or  those  given 
above. 

The  use  of  these  new  formulae  is  therefore  equivalent  to  that  of  the  old 
formulae  modified  by  a  variable  coefficient  of  safety,  such  as,  in  the  most  disad- 
vantageous combinations  of  live  loads,  to  allow  on  oi-dinary  metal  only  one  fourth 
and  on  the  best  metal  only  four  ninths  of  the  stress  that  would  be  allowed  upon 
it  if  the  stress  were  un variable.  Such  formulae  seem  to  be  far  better  than  those 
of  the  older  method  for  the  safe  and  advantageous  dimensioning  of  the  different 
parts  of  trusses  in  ordinary  work.    The  Pennsylvania  Raih-oad  formulae  for 

b        7) 

bridge  trusses  may  be  deduced  from  the  above  by  making  p  =  ^,  t'  =  k^i  and 

f  =  3.5,  which  allows  no  metal,  even  under  quiet  dead  loads,  to  receive  over 
two  sevenths  of  its  ultimate  strength,  and  which  allows  metal  under  the  worst 
combination  of  live  loads  (equal  alternating  tension  and  compression)  to  receive 
a  stress  of  only  ^  of  its  ultimate  strength.  These  formulae  presuppose  that 
metal  by  repeated  strain  within  the  elastic  limit  is  fatigued  in  the  same  general 
way  as  when  strained  beyond  such  limit — a  supposition  that  still  awaits  decided 
proof. 

Dynamic  Formulce. — Fidler,  however,  suggests  that  the  results  of  the  Woehler 
experiments  may  be  thoroughly  accounted  for  by  the  well-known  laws  of  dynamic 
action  in  accordance  with  which  a  load  instantaneously  applied  will  produce 
stresses  twice  as  great  as  will  the  same  load  if  quiet  and  constant,  and  any 
instantaneous  increment  of  load  will  cause  an  increment  of  stress  equal  to  twice 
that  due  to  an  equal  increment  of  quiet  and  constant  load.  In  accordance  with 
this  point  of  view  (the  justness  of  which  is  very  fully  proved  by  him)  Fidler  has 
deduced  formulae  which  he  calls  dynamic  formulae  and  which  (using  the  same 
nomenclature  as  in  the  preceding  formula))  give  m  =  the  stress  produced  by  m 
acting  quietly  and  constantly,  2m  =  the  stress  produced  by  m  acting  instanta- 
neously, 2(m  —  n)  =  stress  produced  by  m  —  m  actiug  instantaneously,  n  +  % 
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(lyi  _  «)  =  m  +  (in  —  n)  =  the  maximum  stress  resulting  from  instantaneoobly 
increasing  the  stress  from  /*  up  to  m,  and  ?i  +  d  +  n){in  —  n)  =  m  +  o(*"  —  «.» 
=  the  general  expression  for  maximum  stress  in  all  cases,  a  being  a  factor  intro- 
duced to  allow  for  dynami3  action  of  the  force  m  —  n  equal  to  1  when  the  aiipli- 
cation  is  instantaneous,  to  some  intermediate  value,  between  1  and  0  in  case  of 
gradual  application  of  the  force,  and  to  0  only  when  the  force  is  applied  so  grad- 
ually as  to  be  considered  quiet  and  constant.  This  dynamic  formula,  arrau^^MJ 
for  comparison  with  the  Launhardt  and  Wey ranch  formula?,  therefore  becomt-^ 

^=  -    b    ^— for  all  cases  of  varying  stresses,  the  minus  sign  of  n 

being  used  for  unreversed  and  the  plus  sign  for  reversed  stresses,  thus  givn:^: 

iS=  - .  6  for  unvarying  dead-load  stresses,  /8  =  - .  6 .  -  for  repeated  stresses  of 

equal  intensity  if  unreversed,  and  >§  =  -  .  6 .  -  for  repeated  reversed  stress^*  of 

equal  intensity,  all  of  which  are  in  perfect  harmony  with  the  results  of  the 
Woehler  experiments. 

For  ordinary  use  in  bridge  construction  the  new  dynamic  formula  takes  the 

form  of  ^  =  ?n  +  a{tn  ±  n)^  .^  ^^.^^^  ^  .^  ^^^  desired  area  for  safe  loadmg  of 

-.6 
c 

the  member  under  consideration,  and  the  other  quantities  as  before  given;  the 
minus  sign  of  n  being  used  as  before  for  unreversed  and  its  plus  sign  for  reverseii 
stresses,  and  a  being  taken  at  1.0  for  floor.beams  (both  stringers  and  cross-beams i. 
floor-beam  hangers,  web  bracing,  and  all  other  pieces  subject  to  very  irrejj^larly 
and  suddenly  applied  strains,  being  taken  at  intermediate  values  of  from  1  to 
0.5  for  main  girders  of  spans  of  from  20  to  100  feet  length,  at  0.5  for  main  girders  •»! 
ordinary  spans  of  more  than  100  feet  length.  This  new  dynamic  formula?  recom- 
mends itself  by  its  thorough  rationality,  its  comparative  simplicity,  its  easy 
adaptability  to  the  varying  conditions  of  actual  practice,  and  its  division  of  the 
old,  single  coefficient  of  safety  into  two  distinct  parts,  of  which  one,  c,  depends 
merely  on  conditions  of  manufacture,  inspection,  and  accident,  and  the  other,  a, 
depends  on  the  more  easily  foreseen  conditions  of  application  of  its  definite  roll- 
ing or  live  loads.  It  now  seems  quite  probable  that  this  new  dynamic  formula 
will,  before  many  years,  be  used  in  preference  to  all  the  others. 

Whenever  either  the  new  Launhardt  and  Weyrauch  formnlse  or  the  new 
Fidler  dynamic  formulae  are  carefully  applied,  it  would  seem  safe  to  diminish 
the  coelficient  of  safety  c  from  3.5  to  nearly  2.0,  so  as  to  utilize  the  strength  r»f 
the  metal  up  to  nearly  its  ehistic  limit  in  the  case  of  unchangeable  loads,  takiii:: 
«are,  of  coni*se,  that  the  maximum  allowed  load  h/c  never  exceeds  the  minimum 
•elastic  limit,  e,  of  such  metal  as  mipjht  be  expected  to  actually  get  into  the  finishtii 
structure,  due  allowance  being  made  for  the  ordinary  unevenness  of  manufactunil 
products,  the  ordinary  differences  between  the  results  of  tests  upon  small  pieivs 
and  those  upon  full-sized  members,  and  the  ordinary  failures  of  attemptetl  care- 
ful inspection. 

Wind  trusses  are,  of  course,  subject  to  the  same  variations  ot  tem|^>erature  a* 
the  rest  of  the  bridge,  and  must  be  arranged  with  due  regard  to  such  ehanjres. 
The  usual  allowance  for  elongation  of  iron  is  1.0  inch  per  100  feet  under  150'  of 
temperature  change.  In  analyzing  the  wind  stresses  in  the  laterals  it  is  well 
to  consider  the  various  wind  loads  Jis  being  transmitted  through  intermediate 
parts  to  the  points  of  final  support  by  such  routes  as  require  the  le-ast  internjii 
work,  that  is,  routes  such  that  the  internal  work  done  in  producing  strain  will  be 
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41  minimum.  In  some  cases  the  weakness  or  accidental  loosening  of  some  pieces 
of  the  main  or  lateral  girders  may  cause  the  stresses  to  be  transmitted  by  unex- 
pected routes,  and  to  throw  unusual  and  excessive  strains  on  other  parts;  and 
such  opportunities  must  be  considered  and  provided  against,  if  possible. 

Wind  Bracing  of  JS ridges, — From  the  above  rules  it  is  fairly  easy  to  deduce 
the  approximate  wind  pressures  upon  the  different  parts  of  a  bridge  or  other 
engineering  structure  by  taking  up  each  part  in  detail.  In  this  application, 
however,  it  is  well  to  bear  in  mind  the  modifications  due  to  diagonal  directions  of 
the  wind,  that  is,  to  those  not  exactly  horizontal  and  not  exactly  normal  to  the 
axis  of  the  bridge.  It  is  hardly  necessary  in  modern  well-stiffened  ordinary  and 
long  bridges  to  consider  any  uplifting  wind  pressures  on  the  bridge,  for  general 
observation  testifies  to  these  being  of  small  amount,  except  in  peculiar  gorge-like 
localities  or  during  cyclones  or  tornadoes.  Even  in  such  cases,  all  that  is  appar- 
ently necessary  to  thesafety  of  the  bridge  is  to  so  arrange  the  flooring  that  it  may 
be  torn  up  from  the  floor  girders  by  the  wind  before  the  upward-lifting  wind  strain 
becomes  great  enough  to  throw  serious  strain  upon  the  main  bridge  girders  or 
trusses. 

Downward-pressing  winds  are  of  still  less  frequent  occurrence  and  still  less 
force,  and  therefore  need  not  be  considered  at  all.  The  greatest  wind  pressures 
upon  the  ordinary  bridge  will  therefore  come  from  horizontal  winds,  and  the 
greatest  strains  upon  the  bridge  will  be  naturally  from  such  as  are  either  normal 
to  the  axis  of  the  bridge  or  nearly  so.  However,  as  the  wind  may  be  inclined 
20°  either  way  from  the  normal  before  the  normal  pressure  on  the  surface 
diminishes  perceptibly,  45°  before  it  diminishes  as  much  as  6  per  cent,  and  60° 
before  20  per  cent,  a  diagonal  wind,  by  blowing  in  behind  the  front  surfaces  of 
vertical  and  diagonal  bracing  of  all  vertical  trusses,  and  by  thus  reaching  all 
their  rear  and  otherwise  protected  parts,  may  throw  on  the  bridge  a  much 
greater  strain  than  that  due  to  a  normal  wind.  Therefore,  if  the  strain  on  a 
bridge  be  computed  from  that  of  a  normal  wind,  the  effective  area  of  all  vertical 
trusses  roust  include  at  least  all  surfaces  that  may  be  reached  by  diagonal  winds 
of  about  45°  angle.  This  of  itself  will  therefore  usually  prevent  the  necessity  of 
considering  the  question  of  any  possible  shelter  afforded  to  each  other  by  paired 
tie-rods  or  other  verticals  or  diagonals  in  the  vertical  trusses. 

Gusts. — As  to  the  inequalities  of  the  winds,  that  is  to  say,  gusts,  and  the  sud- 
den pressures  thereby  brought  on  the  bridge,  it  seems  reasonable  to  assume  that 
such  gusts  will  not  extend  at  one  time  over  more  than  600  to  1000  feet  length  of 
any  bridge,  and  such  pressure  should  be  treated  as  any  other  live  load.  How- 
ever, it  should  be  remembered  that  the  maximum  pressure  of  gusts  during 
storms  of  maximum  intensity  will  occur  so  rarely,  and  the  strain  of  the  metal 
will  therefore  be  so  slight,  that  in  such  cases  it  is  reasonable  to  allow  the  stress 
to  reach  very  nearly  the  elastic  limit  of  such  metal.  Moreover,  it  is  necessary  to 
bear  in  mind  the  fact  that  before  any  gust  can  act  upon  the  wind  bracing  of  a 
bridge  it  must  take  the  time  and  use  up  the  energy  necessary  to  overcome  the 
great  inertia  of  the  bridge,  this  inertia  increasing  very  rapidly  with  the  length 
of  the  bridge  span. 

Wind  Pressures. — Consequently  in  long  bridges,  where  periodic  oscillation  of 
the  bridge  has  been  duly  provided  against,  it  would  seem  that  wind  pressures 
would  be  amply  provided  for  by  allowing  for,  first,  a  dead-load  wind  pressure 
equal  to  the  average  steady  pressure  of  high  winds  over  the  entire  effective 
area  of  the  bridge,  increased  by  a  live-load  wind  pressure  equal  to  the  added 
effect  of  30  per  cent  added  wind  velocity  (or  70  per  cent  added  wind  pres- 
sure) over  from  600  to  1000  feet  length  of  the  bridge;  and  that  the  value  of 
the  wind  velocities  may  be  taken  at  70  to  90  per  cent  (according  as  the  anemo- 
meter constant  is  3.0  or  2.3)  of  the  ordinary  cup  rotary  anemometer  records 
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of  the  neighborhood,  converted  into  wind  pressure  by  the  nse  of  the  formala 

p  =  ^oq  =  0.0043  K*;  or  the  value  of  the  wind  pressures  of  gusts  on  the  large 

bridge  surfaces  may  be  taken  at  60  per  cent  and  the  average  steady  wind  on  tiit^ 
bridge  at  86  per  cent  of  the  maximum  of  the  small  plate-pressure  anemometer 
records  of  the  neighborhood.  '  Acting  upon  this  basis  and  the  records  of  1869  to 
1888  of  the  Bidston  Observatory,  long  bridges  near  that  observatory  should  be 
prepared  to  resist  the  theoretical  pressure  due  to  steady  winds  (computed  at  0.9 
of  the  velocity  anemometer  records)  of  as  much  as  83  miles  per  hour  once  in  16 
years,  of  83  to  64  miles  perhaps  once  per  year,  of  64  to  54  miles  perhaps  twict?  in 
one  year,  and  of  less  than  54  miles  at  shorter  intervals;  or  to  resist  steady  prp>- 
sures  (computed  at  0.86  of  the  small-plate  pressure  anemometer  records)  of  from 
38  to  39  lbs.  per  square  foot  twice  in  16  years,  of  from  29  to  18  lbs.  perhaps  onc^ 
per  year,  or  from  18  to  15  lbs.  perhaps  twice  in  one  year,  and  of  less  than  15  Ibi. 

at  shorter  intervals;  or  to  resist  steady  pressures  fas  deduoed  from  veiodty 

F'X 
anemometer  records  and  the  formula p=—--) of  as  much  as  80  lbs.  once  ra  is 

years,  of  80  to  18  lbs.  perhaps  once  per  year,  of  from  18  to  13  lbs.  perhaps  twi<^ 
in  one  year,  and  of  less  than  13  lbs.  at  shorter  intervals ;  so  as  to  make  neces- 
sary an  allowance  of  at  least  30  lbs.  per  sq.  ft.  steady-wind  pressure  over  the 
whole  bridge  front,  and  50  lbs.  per  sq.  ft.  gusty- wind  pressure  over  from  600  ti» 
1000  feet  length.  These  same  limits  appear  large  enough  for  all  ordinary  locali- 
ties in  the  United  States  except  in  those  regions  where  occasional  tornadoes  an^ 
to  be  naturally  expected  and  specially  provided  for. 

JSxample.—The  computation  of  wind  stresses  and  bracing  upon  a  large  singlt^ 
track  bridge,  adapted  to  the  heaviest  trains,  and  having  panels  of  25  feet  length 
and  28  feet  depth,  and  spans  of  150  feet  length,  would  therefore  proceed  about 
as  follows: 

Wind  Area. — The  effective  wind  area  of  the  road-bed  (including  guard-ralk^ 
ends  of  the  cross-ties,  and  track  girders)  maybe  obtained  by  treating  the  fronts  of 
tie  ends  as  forming  a  continuous  grating  with  a  fixed  75  per  cent  coefficient,  the 
front  guard-rails  as  short  solids  with  a  90  per  cent  coefficient,  the  front  track 
girders  as  H  beams  or  short  solids  with  a  90  per  cent  coefficient,  considering  the 
length  of  the  ties  as  of  neutral  effect,  considering  the  rear  guardrails  as  un- 
sheltered, and  considering  the  rear  track  girders  as  adding  about  10  per  cent  to 
the  area  of  the  front  girder;  so  that  the  total  effective  resistance  of  the  road-bed 
per  foot  of  length  of  bridge  may  as  a  rule  be  taken  at  about  2.0  sq.  ft.  for  the  two 
guard-rails  and  the  ties,  and  about  5.0  sq.  ft.  for  the  two  track  girders,  or  aboui 
7.0  sq.  ft.  in  all. 

The  effective  wind  area  of  the  main  girders  or  trusses  of  the  bridge  may  l^ 
obtained  by  treating  each  of  its  round  vertical  or  diagonal  tie-rods  as  a  eylindt-r 


receiving  or  giv 
any  shelter  to  the  other);  each  horizontal  bar  or  plate  (at  eight  or  more  br^dih^ 
distance  in  front  of  or  behind  another)  and  each  group  of  horizontal  tie-bars  .t 
plates  (one  behind  the  other  and  with  two  breadths  distance  of  the  broadest 
plate)  as  a  single  plate  of  the  breadth  of  the  broadest  with  a  100  per  cent 
coefficient ;  each  group  of  horizontal  tie-bars  or  tie-plates  (one  behind  the  other 
and  within  about  four  breadths  distance  of  the  broadest  plate)  as  a  single  plase 
of  the  breadth  of  the  broadest  and  with  a  150  per  cent  coefficient ;  squaie  solid- 
sided  hollow  beams  as  short  solids  with  a  90  per  cent  coefficient ;  I-b«uns  and 
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square  lattice-sided  hoJlow  beams  when  horizontal  as  a  single  flat  plate  vrith  a 
100  per  cent  coefficient ;  the  same  I  and  lattice  beams  when  vertical  or  diagonal 
■and  with  solid  sides  and  open  front  as  a  single  flat  plate  with  a  100  per  cent 
coefficient ;  the  same  I  and  lattice  beams  when  vertical  or  diagonal  and  with  solid 
front  and  open  sides  as  two  flat  plates  of  sizes  eqaal  to  their  front  and  rear,  each 
with  a  75  per  cent  coefficient ;  other  open-built  beams  and  octagonal  beams  as 
flat  plates  of  the  size  of  the  greatest  cross-section  parallel  to  the  track  with  an  80 
per  cent  coefficient ;  rough-surfaced  cylinders  as  octagonal  beams,  smooth- 
surfaced  cyliuders  and  wire  ropes  and  wire- wrapped  cables  as  cylinders  with  a  60 
per  ceut  coefficient ;  horizontal  cyliuders  as  completely  sheltering  other  similar 
cyliuders  touchiug  them  in  their  rear  and  as  giving  50  per  cent  shelter  to  those 
at  2  diameters  aistance  and  nothing  at  4  diameters  distance ;  vertical  and 
diagonal  cylinders  and  octagonal  posts  as  giving  no  shelter  to  others  in  their 
rear,  and  the  rear  main  girders  or  trusses  (if  lattice- work  or  low  solid  work)  as 
receiving  no  shelter  from  front  girders  or  trusses,  but  both  front  and  rear 
trusses  being  considered  as  sheltered  by  so  much  of  the  -track  girders  (or 
stringers)  as  may  be  directly  in  front  or  rear  of  their  actual  surfaces :  so  that 
the  total  effective  area  of  resistance  of  the  main  girders  may  be  assumed  per 
foot  of  length  of  bridge  at  about  0.8  square  foot  for  each  tension  chord,  about 
1.4  square  feet  for  each  compression  chord,  about  1.0  square  foot  for  both  diag- 
onals (after  reduction  of  ^  for  shelter  by  track  girders),  about  1.5  square  feet 
for  each  post  (after  |  reduction  for  shelter  by  track  girders),  or  about  4.5  square 
feet  for  each  girder,  or  about  9  square  feet  for  both  girders. 

The  effective  wind  area  of  the  two  trusses  of  the  horizontal  bracing  of  heavy 
bridges  (so  far  as  not  already  provided  for  above)  may  be  taken  at  that  of  the 
diagonals  of  a  single  truss,  one  truss  being  usually  entirely  sheltered  by  the  com- 
pression chords  of  the  main  girders,  the  other  truss,  however,  being  where  its 
posts  are  sheltered,  but  its  diagonals  unsheltered ;  and  these  diagonals  may  be 
treated  as  short  solids  with  a  90  per  cent  coefficient,  so  that  the  total  effective 
area  of  the  horizontal  bracing  per  foot  of  length  of  bridge  may  be  assumed  at 
about  0  2  square  foot. 

The  effective  wind  area  (due  to  diagonal  wind  pressure)  of  the  vertical  sway- 
bracing  may  be  taken  at  that  of  the  diagonals  alone,  the  other  pieces  either 
being  sheltered  or  already  provided  for  above ;  and  these  diagonals  may  be 
treated  as  cylinders  with  a  70  per  cent  coefficient,  and  as  not  sheltering  each 
other,  so  that  the  total  effective  area  of  the  sway- bracing  per  foot  length  of 
bridge  may  be  assumed  at  not  over  0.05  square  foot. 

For  a  heavy  single-track  railway  bridge  the  total  effective  area  of  wind  resist- 
4ince  may  therefore  amount  to 

7.0  -f-  9.0  +  0.2  -f-  0.05  =  16.25  square  feet  per  foot  length  of  bridge. 

The  effective  area  of  a  double-track  structure  may  be  taken  approximately  as 
40  per  cent  greater  than  that  of  a  single-track  bridge,  or  as  about  25  square  feet 
per  foot  length. 

Pief's  or  Tatvers. — The  effective  wind  area  of  piers  or  towers  may  be  deter- 
mined in  the  same  general  way  as  that  of  the  spans,  being  equal  to  that  of  its 
front  truss,  its  rear  truss,  the  front  surfaces  of  its  various  platforms,  and  the 
front  surface  of  the  diagonals  of  its  sway-bracing,  so  as  to  amount  per  foot 
beight  to  fully  2.5  square  feet  per  corner,  or  5  square  feet  per  front  or  rear  side, 
or  AO  square  feet  per  foot-height  for  the  entire  pier  of  a  single-track  bridge,  or  15 
square  feet  per  foot  height  for  the  entire  pier  of  a  double-track  bridge.  Tn  cal- 
culating the  stability  of  a  pier  against  wind,  it  is  to  be  remembered  that  the  piers 
are  held  down  upon  their  foundations  by  not  only  their  own  weight,  but  also  by 
that  of  their  share  of  the  bridge  and  its  load,  and  that  they  are  pressed  laterally 
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by  not  only  their  own  wind  load,  but  also  by  that  of  their  share  of  the  bridge 
aud  its  load. 

Trains. — The  effective  wind  area  of  trains  may  be  determined  by  reganlinj: 
tl)e  train  as  10  feet  high,  with  its  bottom  2.5  feet  above  the  rails,  and  treatii:^' 
it  tis  a  short  solid  with  a  90  per  cent  coefficient,  and  considering  it  as  sheheriin; 
its  own  height  of  the  verticals  and  diagonals  of  the  two  trusses,  and  all  trains  iu 
its  rear  ;  so  that  the  added  wind  area  due  to  the  train  will  be  onlv  about  7  to  s 
feet  per  foot  length  of  bridge  occupied  by  trains.  This  load,  however,  must  i^ 
regarded  as  a  moving  load,  travelling  gradually  across  the  bridge.  As  some  car 
of  the  train  would  probably  be  bh)wn  over  by  an  80-mile  wind,  and  as  a  traio, 
therefore,  would  not  enter  the  bridge  at  such  time,  it  is  not  necessary  to  c«m- 
sider  the  wiud  pressure  on  a  train  at  times  of  maximum  wind  velocities,  altbougu 
such  train  area  should  be  considered  under  the  gusty  effect  of  moderate  winds, 

Suspenman  Bridges. — In  suspension  bridges  the  effective  area  of  resi&tan<  e 
of  the  main  cables  and  suspenders  may  be  obtained  by  treating  each  main  caV.r 
as  a  cylinder  with  a  60  per  cent  coefficient,  and  considering  it  as  completf  y 
sheltering  otner  cables  directly  in  rear,  if  touching  one  to  the  other;  or  jriving  >► 
per  cent  shelter  at  2  diameters  distance,  centre  to  centre,  but  no  shelter  at  4 
diameters  distance  to  either  other  cables  or  other  parts  of  the  bridge,  and  hy 
treating  each  suspender  as  a  cylinder  with  a  60  per  cent  coefficient,  and  e^'O- 
sidering  it  as  giving  no  shelter  to  any  other  suspender  or  other  parts  of  the  bridt;^ ; 
so  that  in  bridges  of  4000  feet  in  length  of  span  the  effective  wind  area  of  tht? 
main  cables  and  suspenders  alone  may  amount  to  8  square  feet  per  foot  lens'ii 
of  single-track  bridge,  or  12  square  feet  per  foot  length  of  double-track  bndire 
and  4  square  feet  per  foot  length  for  each  additional  track. 

lolal  Wind  Pressure. — Having  found  the  effective  wind  area  of  the  span  and 
train  and  piers,  the  total  pressure  to  be  provided  against  may  be  next  figured  at 
30  pounds  per  square  foot  over  the  entire  bridge  with  a  train  upon  it,  or  -Vi 
pounds  per  square  foot  over  from  600  to  1000  feet  of  length  of  the  unloa<U-i 
bridge  (including  piers),  increased  by  30  pounds  per  square  foot  over  the  re>t  .-f 
the  unloaded  bridge,  and  then  using  in  subsequent  computations  whichever  i>f 
th(;se  totals  produces  the  greatest  stress  upon  the  particular  members  under  con- 
sideration. 

Arrangement  of  Wind  Br  arcing. — ^The  wind  bracing  for  ordinary  bridges 
may  then  be  arranged  in  the  form  of  two  horizontal  trusses,  one  above  and  tne 
other  below  the  roadway,  as  in  the  usual  arrangement  of  modern  bridges  stiffened 
by  vertical  swaj'^-bracing.  In  case  of  very  long  bridges  it  may  be  desirable  to 
supplement  these  by  horizontal  cables  passing  under  the  bridge  floor  and  around 
the  piers  and  out  to  the  shore  anchorage,  the  versine  of  the  cable  being  from  tw.> 
thirds  to  three  fourths  the  breadth  of  the  piers.  In  suspension  bridges  tht^e 
two  methods  are  advisably  further  supplemented  by  the  swinging  in  or  **  cradlius  * 
of  the  main  cables  to  such  an  extent  that  this  cradling  may  be  not  only  enouiili 
to  support  all  the  wind  pressure  on  the  cables  and  suspenders,  but  also  consider- 
able of  that  on  the  stiffening  truss  and  roadway,  brides  otherwise  stiffening  \\  tr 
bridge  against  lateral  movement. 

Dimensioning  of  Wind  Bracing. — The  dimensioning  of  the  various  parts  -'»f 
the  wind  bracing  may  be  computed  by  the  usual  methods,  the  use  of  the  non 
formulae  of  Launhardt  and  Weyrauch  being  recommended  as  preferable  to  i^e 
older  methods,  and  that  of  the  new  dynamic  formula  of  Fidler  as  preferable  fn 
eitlier.  In  these  computations,  especially  under  either  of  the  new  formnhe.  n 
seema  hardly  necessary  because  of  the  in  frequency  of  the  raaximnm  stresses  lo 
use  a  coefficient  of  safety  much  greater  than  that  actually  necessary  to  make 
certain  that  the  maximum  stress  is  not  allowed  at  any  time  to  go  beyond  Uy* 
minimum  elastic  limit  of  such  metal  as  may  be  naturally  expected  to  actualiy 
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get  into  the  finished  structure,  due  allowance  being  made  for  the  ordinary 
unevenness  of  in«inufactured  products,  and  the  ordinary  failures  of  attempted 
cajreful  inspection,  this  minimum  elastic  limit  being  deducible  from  the  tests  on 
full-sized  members,  as  well  as  from  those  of  a  large  number  of  smaller  pieces  of 
such  metal  as  it  is  proposed  to  use.  With  ordinary  grades  of  wrought  iron  and 
ordinary  circumstances  of  manufacture  and  inspection  the  coefficient  of  safety 
may  best  be  taken  at  3.5,  and  the  repetition  limit  at  one  half  and  the  reversal 
limit  at  one  quarter  the  ultimate  strength  of  the  metal,  thus  allowing  dead-load 
stresses  of  29  per  cent  and  maximum  reversal  stresses  (those  under  the  most 
unfavorable  conditions)  of  7  per  cent  of  the  ultimate  strength  of  the  metal;  but 
in  exceptional  cases  of  the  best  steel  (bar  or  wire)  and  the  most  careful  manufac- 
ture and  inspection  (admitted,  however,  only  after  careful  tests)  it  may  be  allow- 
able to  reduce  the  coefficient  of  safety  to  2.0  and  to  increase  the  reversal  limit  to 
one  third  of  the  ultimate  strength,  thus  allowing  dead  load  stresses  of  50  per 
cent  and  maximum  reversal  stresses  of  17  per  cent  of  the  ultimate  strength  of 
the  metal. 

In  dimensioning  of  piers  and  towei*s  the  breadth  of  the  pier  at  each  of  its 
horizontal  sections  must  be  sufficient  to  prevent  overturning  of  the  pier  about 
either  edge  of  such  section,  a  coefficient  of  safety  of  2.0  being  used  in  the  compu- 
tation of  such  stability,  and  the  breadth  must  also  be  such  that  no  tensional 
strains  shall  ever  occur  in  any  of  the  vertical  or  main  posts  of  the  pier. 

WIND  PRESSURE. 

It  must  be  admitted  that  the  exact  amount  of  pressure  exerted  by  the  wind 
in  any  given  locality  upon  a  bridge  truss  of  open  construction  is  unknown,  and 
the  same  may  be  said  in  regard  to  the  precise  effect  of  an  assumed  wind  pressnre 
per  unit  of  area  upon  those  members  of  trusses  specially  designed  to  resist  it. 
The  best  that  can  be  done  is  to  assume  conditions  of  pressure  which,  in  the  light 
of  experience  and  observation,  will  subject  the  structure  to  greater  pressures 
than  will  in  all  probability  exist,  and  then  proportion  and  connect  the  resisting 
members  with  the  truss  members  so  that  they  may  most  effectually  subserve  the 
purpose  for  which  they  are  introduced. 

As  the  result  of  this  condition  of  facts  many  suppositions  have  been  made  irt 
respect  to  actual  total  pressure  on  bridge  trusses  and  also  to  the  proper  distribu- 
tion of  this  assumed  pressure  over  the  members  of  the  trusses,  and  much  inge- 
nuity and  variety  in  design  has  been  developed  to  meet  the  requirements  of 
I)roper  bridge  construction.  The  conditions  are  further  complicated  by  the  effects 
of  high-sj>eed  trains  passing  over  the  bridge,  and  the  effect  of  the  wind  pressure 
on  the  train  surface  exposed  to  its  action. 

The  following  examples  illustrate  the  variety  of  assumptions  made.  They  are 
taken  from  '*  Stresses  in  Bridge  and  Roof  Trusses,"  by  Wm.  H.  Burr. 

The  Erie  specifications  are  as  follows: 

Per  Lineal  Foot. 

Fixed  load,  roadwav  chord 150  lbs. 

'*     other  chord 150    ** 

Moving  load,  roadway  chord 300   *' 

Iron  in  tension  at  15,000  pounds. 
**     **  compression,  factor  4. 

The  P.,  C.  and  St.  L.  Railway  requires  300  pounds  per  foot  for  the  train  and 
;J0  pounds  per  square  foot  on  one  truss  only. 

For  the  bridge  over  the  Missouri,  at  Glasgow,  50  pounds  per  square  foot  on 
one  truss  and  300  pounds  per  lineal  foot  of  train  were  used. 
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For  the  Eads  Bridge,  at  St.  Loais,  50  pounds  per  square  foot  on  the  strocture 
alone  was  the  specified  pressure. 

For  the  Kentucky  River  Bridge  the  wind  pressure  was  assunoied  at  81i  pounds 
per  square  foot  on  spans,  train,  and  piers,  and  factor  4  was  used  in  proportion- 
ing the  bracing. 

The  Poi*tage  Bridge,  New  York,  was  built  to  resist  SO  pounds  per  square  foot 
on  structure  and  train  and  50  pounds  per  square  foot  on  the  structure  alone. 

The  520-feet  span  over  the  Ohio,  at  Cincinnati,  was  designed  to  withstand  50 
pounds  per  square  foot  on  structure  alone,  or  80  pounds  per  square  foot  on  train 
and  structure  combined. 

A  fully  loaded  passenger  train  and  the  heaviest  possible  freight  train  will 
leave  the  track  at  the  respective  pressures  of  3H  Aud  56i  pounds  per  square  foot. 

Engineers  frequently  specify  30  pounds  per  square  foot  of  trusses  and  train 
combined,  or  50  pounds  per  square  foot  of  trusses  alone.  800  pounds  per  linear 
foot  of  single  track  is  also  frequently  used  for  moving  wind  pressure  on  train. 

The  following  refers  to  the  single-track  bridge  at  Plattsmouth,  Neb.  The 
structure  is  also  designed  to  resist  a  lateral  wind  pressure  of  500  pounds  per 
lineal  foot  on  the  floor  and  200  pounds  per  lineal  foot  on  the  top  chord  of  the 
through  spans  and  the  bottom  chord  of  the  deck  spans.  These  quantities  are 
about  equivalent  to  30  pounds  on  the  bridge  with  train  and  50  pounds  on  the 
empty  bridge. 

LATERAL  BRACING. 

With  an  assumed  condition  of  wind  pressure  in  amount  and  distribution  the 
computation  of  the  stresses  in  porfal  and  intermediate  braces  involves  no  special 
difficulty.  As  in  case  of  the  wind  pressure,  special  assumptions  have  to  be  made 
in  regard  to  the  distribution  of  the  resistances  at  the  feet  of  the  end  posts. 

We  have  now  to  deal  with  horizontal  forces  in  the  planes  of  the  horizontal 
trusses  constituting  the  lateral  systems,  instead  of  vertical  forces  or  loads  in  the 
planes  of  vertical  trusses.  The  determination  of  the  stresses  with  given  pressores 
is  not  therefore  different,  so  far  as  intermediate  lateral  braces  are  ooTieemed. 
from  that  in  vertical  trusses.  The  two  upper  chords  and  the  lateral  bracing 
between  constitute  a  horizontal  truss,  acted  upon  by  a  series  of  horizontal 
pressures,  and  supported  at  its  ends  at  the  upper  extremities  of  projecting  posts 
(the  end  struts  of  the  main  trusses),  whose  lower  extremities  are  assumed  to  be 
incapable  of  sliding  along  the  top  of  the  piers,  either  by  being  fastened  to  the 
pier  or  by  the  development  of  frictional  resistances  due  to  the  weight  and  load 
carried  to  them  by  the  main  trusses.  The  two  end  posts,  braced  near  their  upper 
extremities,  constitute  a  projecting  beam  acted  upon  by  a  force  equal  to  one  half 
the  total  wind  pressure  on  the  two  upper  chords.  This  wind  reaction  therefore 
<sauses  a  bending  action  upon  these  end  posts  (whether  inclined  or  vertical) 
aimilar  to  that  caused  by  a  weight  suspended  from  the  projecting  end  of  a  simple 
beam,  except  that  the  point  of  maximum  is  not  at  the  fixed  end,  but  at  some 
point  determined  by  the  character  of  the  portal  bracing. 

The  lateral  trusses  may  be  of  any  of  the  usual  type  of  bridge  trusses— Pratt, 
Warren,  or  Howe  trusses.  In  the  example  selected  as  indicated  in  Figs.  461, 462, 
the  Pratt  type  is  employed.  Fig.  461  is  the  lateral- truss  system  between  the 
lower  chords,  and  Fig.  462  is  that  between  the  upper  chords.  According  tc  this 
system  of  bracing  the  upper-chord  lateral  truss  is  6/c,.  c^cj^  .  .  .  *,'*,,  Ar,V» 
and  the  lower-chord  lateral  truss  is  a'6,  bb%  be  .  .  ,  k'k,  kt,  /7,  lm\  assuming 
the  wind  to  blow  from  the  direction  indicated  by  the  arrows.  The  compression 
chords  are  a'm'  and  6,7/.  The  tension  chords  are  bl  and  c^k^^  respectively. 
With  the  wind  blowing  in  the  opposite  direction  the  compressed  chords  would  be 
am  and  bj^^  and  extended  chords  67'  and  cjk^\  The  lateral  compression  braces 
are  those  normal  to  the  chords,  and  are  the  s%me  with  the  wind 'blowing  from 
either  direction;  the  diagonals  are  tension  braces.     Those  indicated  by  fuU  lines 
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are  the  ones  acting  with  the 
wind  blowing  as  indicated 
by  the  arrows.     The  dotted 
diagonals  act  when  the  wind 
blows  in  the  opposite  direc- 
tion.  The  maximum  stresses 
in  the  two  sets  are  equal  in 
the  Slime  panel.     In  the  dia^ 
^rams  compression  members 
are  indicated  by  double  lines, 
tension   members  by  single 
lines,  with  the  wind  blowing 
as  indicated  by  the  arrows, 
and  vice  versa.     The  com- 
putation of  stresses  with  the 
wind  blowing  in  one  direc- 
tion is  suflBcient,  as  corre- 
sponding  members    in  the 
same  panels  will  be  equally 
stresvsed  with  the  wind  in 
the  opposite  direction.     All 
members   must   be  propor- 
tioned   and    connected    to 
sustain    stresses    developed 
by  wind  blowing  from  both 
directions.      We    will  now 
proceed  to  find  the  stresses 
in   the  upper-chord   lateral 
truss  indicated  by  the  let- 
ters b^'c^k^l^'.      The  follow- 
ing data  are  given : 

Upper-chord  wind  press- 
ure, 150  pounds  per  lineal 
foot,  considered  as  a  fixed 
load  and  distributed  as  fol- 
lows : 

On  windward  chord,  75 
lbs.  per  lin.  ft. ;  on  leeward 
<jhord,  75  lbs.  per  lin.  ft.; 
load  at  each  panel  point  of 
both  trusses,  75  x  20  =  1500 
lbs. ;  total  length  of  span  200 
feet,  divided  into  10  panels 
each  =  20  feet;  clear  width 
between  chords  =  length  of 
transvei^e  struts  c„'c„,  d^'d^y 
etc.  =  14  feet;  length  of 
diagonals  dJ,'c„  c^'d^,  etc.  = 


i^20'  +  14*  =  24.41  feet; 

length  of  upper  sway  truss 
b^'i;  =  160  feet.  (See  Fig. 
462.)  ' 

There  is  1500  lbs.  com* 
pression  in  /»'/o,  the  centre 
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strut;  at  /,  there  is  1500  lbs.  on  the  leeward  trnss— a  total  of  3000  lbs.  con- 
centrated at/j.  One  half  of  this  passes  to  the  left  and  one  half  to  the  right; 
hence  tension  in  c,'/,  = 

1500  X  ^  =  1500  X  -i-r-  r=  1500  x  1.741. 

This  transmits  to  c/  1500  lbs.,  and  with  1500  acting  directly  at  that  point  gives 
3000  lbs.  compression  on  e^e^.  At  e^  there  is 4500  lbs.,  the  whole  of  which'  passt^ 
to  the  left  through  e^d^^  causing  in  it  tension  =  4500  x  1.741,  and  so  on.  Then 
write  the  following : 


Compression  in  f^f^ 

=    1,500 

**  <e^ 

=    3,000 

*'  d^d. 

=    6,000 

=    9,000 

Reaction  at        6^' 

=  9000  +  3000  =  12,000 

Check  on  this  8  full  panel  loads,  including  panel  load  at  6/,  8  x  1500  =  12,000; 
the  shear  in  the  strut  f^f^  —  1500  lbs.,  and  for  each  of  the  panels  to  the  left 
1500  lbs.  more  than  the  compression  in  the  strut  to  the  right.    Henoe 

Tension  in  c,'/,  =  1500  x  1.741  =    2,612  pounds. 

"       **  rfo  e„  =  (3000  +  1500)  X  1.741  =    6,886 

**       '*  c;d^  =  (6000  +  1500)  X  1.741  =  13,060       " 

"       "  6/Co  =  (9000  +  1500)  X  1.741  =  18,284       '* 

Check  the  shear  in  the  panel  h^c^  =  7  x  1500  =  10,500  lbs.;  tension  in  6/Ce  = 
10,500  X  1.741  =  18,284.  What  becomes  of  the  reaction  of  12,000  pounds  at  6/ 
will  be  considered  further  on. 

The  chord  stresses  are  now  easily  written,  as  in  any  panel  it  is  the  shear  in 
that  panel  multiplied  by  the  length  of  the  panel  and  divided  by  the  width 
between  the  chords,  which  will  be  taken  as  equal  to  14  feet.  It  might  more 
properly  be  taken  as  the  distance  between  chord  centres,  about  16.  The  former 
gives  a  larger  result,  and  will  be  used. 

20 
Compression  in  e^f^  or /,'gr/  =    1,500  x  —=    2,143  pounds. 

20 
"         "  fZo'<  =  tension  in  c,/o  =    4,500  x  £j=    M2»       " 

"         "  cX'  =      **        **  d„c,  =    7,500  X  1^  =  10,715       " 

20 
"         **  Ke;  =      "       *'  %d^  =  10,500  X  —  =  15,001       " 

LOWER-CHORD  LATERAL  TRUSS. 

The  stresses  in  lower  sway-truss,  Fig.  461,  are  found  similarly  to  the  above, 
except  that  the  fixed  load  is  greater,  and  there  is  a  moving-train  wind  pressure. 

The  panel  loads  are  as  follows  :  1500  lbs.  at  each  of  the  chord  panel  pointii. 
and  a  fixed  load  of  80  lbs.  per  lineal  foot  on  the  floor  system,  equivalent  to 
1600  lbs.  at  the  leeward  panel  points  or  1500  lbs.  at  each  windward  panel  point 
and  1500  -f  1600  =  3100  lbs.  at  each  leeward  panel.  Thle  stresses  due  to  this 
wind  pressure,  considered  as  a  fixed  load,  are  computed  precisely  as  for  the 
upper-chord  sway-truss.    In  addition  the  stresses  due  to  the  moving-train  wind 
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load  of  300  lbs.  per  lineal  foot  and  acting  on  the  leeward  truss  must  be  deter- 
mined and  combined  with  the  fixed  stresses. 

FIXED-LOAD  STRESSES  IN  LOWER  LATERAL  TRUSS.      (See  Fig.  461.) 

Compression  in  ff  =  =    1,500  pounds. 

3000  3100 

*'  **    c'e  =     —^  +  1500  +  -^  =    4,550       '* 

<«  '*  dd  =    4,550  4-  1500  +  8100  =    9,150       " 

<*  *»   do    =    9,150  +  1500  +  8100  =  13,750 


<i 


"  **   6'6  =  18,750  +  1500  +  3100  =  18,350       *' 

1500 
Reaction  at  a'    =  18,350  +  -^-  +  3100  =  22,200      " 

Check,  9i  panel  loads  @  1500  =  14,250  pounds. 

4i      "        **     @  1600  =    7,200       ** 
at  a'        i     '•        "     @  1500  =       750      " 


22,200 


it 


1600 
Tension  in  fe   =  1500  +  -—  =  2,800  x  1.741  =  4,004  pounds. 

**   **  ed'  =  6,900  X  1.741  =  12,013   ** 

"   *•  dc'  =  11,500  X  1.741  =  20,022   ** 

**   **  cV   =  16,100  X  1.741  =  28,030   " 


(i 


**   cCh  =  20,700  X  1.741  =  36,038 

Check.  (9  x  1500  +  4i  x  1600)  x  1.741  =  86,038 

STRESSES  IN  WEB  MEMBERS  DUE  TO  MOVING  LOAD. 

The  load  is  supposed  to  come  in  from  the  right  and  to  move  along  the 

leeward  chord,  6Z,  of  the  lateral  truss.    To  determine  whether  counter  stresses 

will  exist,  let  the  head  of  the  load  be  at  g\  the  total  moving  load  will  then  be 

4  X  20  X  300  =  24,000  pounds,   and  reaction  at  a'  and  shear  in  panel  fg  = 

2i  ' 
24,000  X  Tg  =  6000  lbs.;  the  dead-load  shear  in  this  panel,  as  in/c,  =  2300. 

The  counter  stress  on  the  diagonal  f^  =  3700  x  1.741  =  6442  lbs.,  and  this 
member  should  be  so  proportioned  and  connected  as  to  resist  this  compressive 
force,  if  the  other  diagonal,  f*g,  in  the  same  panel  should  be  omitted.  Both  sets 
are  used. 

Maximum  web  stresses  from  moving  load  only  occur  when  it  has  reached  and 
passed  the  centre,  /,  of  the  chord.  The  following  then  will  be  the  shears. 
A  panel  load  =  6000  lbs. 

8 
Head  of  load  at  /,  shear  =  6  x  6000  x  Tq  =    ^,000  pounds. 


"  "  **  "  «  "  =  6  X  6000  X  ~  =  12,600  " 

"  i«  "  ««  e?  "  =  7  X  6000  X  ^  =  16,800  " 

I  "  "  "  "  c  *«  =  8  X  6000  X  Y^  =  21,600  " 

"  **  "  "6  *'  =  9  X  6000  X  ~  =  27,000  " 
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SUPPLEMENT. 

A 

Compression /T  is  zero,  as 

)  the  load  acts  at/. 

CompresflioE 

I  e'e   =    9,000  pounds. 
d'd  =  12,600       ** 
c'c    =  16,800       " 
b'b-  =  21,600       " 

BEAD 

AND  LIVE  LOAD  COMBINED. 

Total 

compression  in 

<i                             44 
<(                         K 
((                         ti 
(<                         i« 

ff 

d'd 

c'c 
Uh 

=    4,550  +    9,000  = 
=    9,150  +  12,600  = 
=  18,750  +  16,800  = 
=  18,350  +  21,600  = 

1,500 
13,550 
21,750 
80,550 
39,950 

poands. 

i4 

<( 
(i 

STRRSSES  IN 

DIAGONAT.S  DUE  TO  MOVING 

LOAD. 

Tension  in  fe'  =  9,000  x  1.741  =  15,669  pounds. 
**  **  ed'  =  12,600  X  1.741  =  22,937  " 
**  ''  dd  =z  16,800  X  1.741  =  29,249  " 
"  "  cb'  =  21,600  X  1.741  =  37,606  " 
"       *»  ba'  =  27,000  X  1.741  =  47,007       " 

DEAD  AND  LIVE  LOAD  COMBINED. 

Total  tension  in  f&  =    4,004  +  15,669  =  19,673  pounds. 
**         **         *»  ed  =  12,018  +  22,937  =  34,950      ** 
**         "         "  dc'  =  20,022  +  29,249  =  49,271       '* 
a         ti         li  ^5'   ^  28,030  +  87,606  =  65,636       " 
a         u         a  ^'  _  3g  Q3g  ^  47,007  =  88,046       ** 

Maximum  chord  stresses  will  exist  in  all  panels  when  the  moving  load 
extends  over  the  whole  truss,  i.e.,  from  I  to  b. 

The  reaction  at  a'  under  this  condition  is  27,000  pounds  and  the  shear  in 
successive  panels  towards  the  centre  will  be  less  by  6000  pounds  than  in  the 
one  preceding.    Then  follows :  » 

20 
Comp.  in  a'V  =  tension  in  6c    =  27,000  x  -rr  =    38,576  pounds. 

14 

20 
"   **  Ve'   =   "   **  ai  =  88,676  +  21,000  x  -7;-  =  68,676   *• 

14 

"       "  c'd'  =       *»       "  de    =    68,576  +  15,000  x  "J^  =    »0,006      " 
"       "  d'ef  =       "       "  ef   =    90,006  +    9,000  x  -^-  =  102,866      " 

"       **  ef  =  comp.     '«  /'|7'=  102,866  +    8,000  x  ^T  =  107,152      " 

To  these  must  be  added  the  chord  stresses  due  to  the  fixed  loads.  The  shears 
producing  these  stresses  are  the  same  as  those  used  in  producing  tension  in  the 
diagonals. 

CHOKD  STRESSES  IN  LOWER  LATERAL  TRUSS  DUE  TO  HXED  LOADS. 

20 
Comp.  in  a'6'  ss  tension  in  6c    =  20,700  x  —  =  29,600  pounds. 
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20 
Ck)mp.  in  h'cf  =  tension  in  oi    =  29,600  +  16,100  x  —  =  52,600       " 

20 
«       "  cfd!  =      "        "  tfc    =  52,600  +  11,500  x  "jf  =  69,080       " 

20 
"       "  d'e'  =      "        *'</'=  69,080  +    6,900  x  -rj-  =  78,890       " 

20 
"       "  «y  =  comp.     "  /y  =  78,890  +    2,800  x  —  =  82,176       *• 

Total  compression  in  a'h'  =    88,576  +  29,600  =    68,176  ponnds. 
**  *'  *•  6V  =    68,576  +  52,600  =  121,176       •* 

"  **  *»  cd'  =    90,006  +  69,080  =  159,086       " 

"  "  **  d'e'  =  102,866  +  78,890  =  181,756    •  " 

"  "  "  &/'  =  107,152  +  82,176  =  189,828       " 

Total  tension  in  &o  =    68,176  pounds. 
♦*         *»       '*  cd  =  121,176       ** 
♦*         "       "  dc  =  159,086       " 
u  i(       «*  ^  =  181,756 

The  same  stresses  found  above  apply  to  corresponding  members  in  the  other 
half  of  the  truss,  and,  as  stated  for  the  wind  blowing  in  the  opposite  direction, 
corresponding  truss  stresses  will  exist  iu  opposite  chords  and  diagonals. 

As  a  check  on  the  above  total  compression  in  e'f  the  aggregate  panel  wind 

loads  is  6000  +  8000  +  1600  =  10,600  lbs.;  each  total  reaction  at  a'  and  m'  is 

10,600  X  4i  =  47,700  lbs.     Taking   moments  with  respect  to  the  centre  /, 

47,700  X  100  —  10,600  x  4  x  50  =  2,650,000  ft.  lbs.,  and  compression  in  ef  = 

2,650,000       ,«^«^^,^ 
-^— r-J —  =  189,800  lbs. 
14 

It  will  be  observed  that  in  the  windward  upper  chord  there  is  compression 
due  to  both  the  vertical  loading  and  the  wind  pressure.  The  maximum  com- 
pression is  the  sum  of  the  two. 

In  the  leeward  upper  chord  there  is  compression  due  to  the  vertical  loading, 
and  tension  due  to  the  wind  load.  These  need  only  be  combined  in  order  to 
determine  whether  or  not  there  is  a  reversal  of  the  stresses,  which  will  not 
usually  occur  for  upper  chords. 

In  the  windward  lower  choi*d  there  is  also  compression  due  to  the  wind 
pressure,  while  it  is  under  tension  due  to  the  vertical  loading.  For  instance,  in 
the  panel  a'b'  at  the  end  there  is  a  compressive  stress  of  68.176  lbs.,  and  in  6V 
of  121,176  lbs.  These  members  are  under  tension  due  to  the  vertical  loading. 
If  in  either  of  these  panels  the  compression  is  greater  than  the  tension,  the 
bottom  chord  bars  niust  be  braced  so  as  to  be  capable  of  resisting  a  compression 
equal  to  the  difference  between  total  compression  and  tension.  This  reversion 
will  rarely  take  place  in  any  panels  except  those  near  to  the  ends  of  the  bottom 
chord.  The  leeward  chord  receives  tension  from  both  loads,  the  maximum  being 
the  sum  of  the  two. 

In  the  preceding  discussion  the  moving  wind  load  and  the  fixed  leeward  panel 
load  have  been  assumed  to  act  directly  at  the  panel  points.  It  is  clear, 
however,  that  these  pressures  must  be  transmitted  through  the  lower  lateral 
struts  or  the  floor-beams.  The  moving  load  acts  at  the  track  rails,  and  it  is  usual 
for  the  purpose  now  under  consideration  to  assume  it  to  be  concentrated  at  the 
windward  rail.  The  lower  lateral  struts  M',  cc\  etc.,  then  have,  in  addition  to 
the  compressive  stresses  found  from  the  lateral  truss,  first  the  total  panel  floor 
system  wind  pressure  =  1600,  and  second  a  portion  of  the  panel  moving  load. 

It  would  seem  that  it  wonld  be  as  well  to  take  it  as  equal  to  a  panel  load; 
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but  Mr.  Burr  says  that  it  is  approximately  equal  to  a  panel  load  multiplied  by 
the  number  of  the  strut  from  farther  end  of  the  trass  numbered  zero,  and 
divided  by  the  number  of  panels  in  the  entire  truss;  or  it  is  a  simple  application 
of  the  principle  of  the  lever  to  the  reaction  or  shear  due  to  a  single  panel  load 
at  the  head  of  the  train  extending  over  the  longer  segment.  For  example, 
assume  the  head  of  the  load  at  d;  then  dd'j  cc',  and  bb'  will  have,  in  addition  tc 

6 

the  sway-truss  compression  found  in  it,  6000  x  -jtt  =  8600  lbs. ;    dd'  being  at 

panel  point  6  from  m\  zero  being  the  number  at  m'.  This  completes  the  discus- 
sion of  wind  stresses  in  the  lateral  trusses,  considered  as  horizontal  and  sup- 
ported at  a'  and  m'  for  lower  chord,  and  at  6^'  ^^^  h*  ^^r  upper  chord.  We  wUl 
now  consider  the  stresses  developed  in  the  end  posts  and  the  portal  bracing 
between  them  in  the  plane  of  the  end  posts. 

In  Fig.  463 Js  shown  the  type  of  lateral  bracing  employed  with  short  spans 
and  low  main  trusses.  It  consists  of  lateral  struts  and  diagonal  tension  mem- 
bers in  horizontal  planes,  connecting  the  panel  points  of  the  main  chords.  The 
portal  bracing  consists  simply  of  two  inclined  members  connecting  the  end 


Fig.  468.— Oblique  Vibw  op  Lateral  Braciho. 

lateral  struts  and  end  posts  of  the  vertical  trusses.  In  this  S3rstem  the  winti 
pressure  is  transmitted  by  the  upper  lateral  truss  to  the  ends,  at  the  tops  of  end 
posts,  and  by  them  transferred  to  their  lower  extremities  in  the  manner  here- 
after to  be  explained.  The  lower  lateral  truss  transmits  its  wind  load  inde- 
pendently and  directly  to  the  lower  extremities  of  the  end  posts. 

Where  the  trusses,  as  in  lonp  spans,  have  considerable  height,  the  tvpe  of 
lateral  bracing  used  is  shown  in  Fig.  465.  Each  pair  of  directly  opposite  posts 
in  the  two  trusses  are  connected  in  the  plane  of  the  posts  by  two  lateral  struts 
and  two  tension  diagonals,  and  similarly  for  the  portal  bracing  in  the  plane  of 
the  end  posts.  The  assumed  effect  of  this  system  of  bracing  is  to  transfer,  at 
each  panel  point,  the  wind  pressure  to  the  bottom  chord.  The  entire  wind  pres- 
sure is  thus  transferred  to  the  bottom  chord  and  transmitted  by  it  to  the  lower 
extremities  of  the  end  posts.  (See  Mr.  Bixby's  remarks  on  sway-bracing.)  The 
depth  of  these  vertical  lateral  frames  or  sway-trusses  will  depend  upon  the  reU- 
tive  clearance  required  for  the  passage  of  trains  and  the  height  of  the  trusses. 
A  clearance  or  head-room  of  from  20  to  22  feet  must  be  provided. 

We  will  now  determine  the  stresses  in  the  pK)rtal  bracing  of  the  first  type. 
The  dimensions  and  style  of  truss  used  is  shown  in  Fig.  462  and  461.  We  will  as- 
sume that  the  stresses  developed  in  the  upper  chord  sway-truss  have  been  deter- 
mined in  precisely  the  same  manner  as  already  fully  explained  for  the  SOO^foot 
span.  All  that  we  now  need  is  the  reaction  of  the  total  wind  pressure  on  both 
upper  chords,  at  the  point  6/,  the  upper  extremity  of  the  windward  post,  causing 
this  reaction  wo  have  one  half  of  14  panel  loads,  as  an  entire  panel  load  is  assumed 
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to  act  at  each  end  of  both  chords;  then  7  x  18  x  75  ~  9450  pounds  =  H^  and 
acting  as  indicated  by  the  arrow  at  6<,'  (see  Fig.  464).  Assuming  the  stability  of 
tlie  structure,  this  force  will  be  resisted  by  an  equal  force  of  friction  developed  at 
the  lower  extremities  of  the  end  posts,  as  indicated  by  the  arrows  H'  and  Hi  act- 
ing as  indicated  at  the  points  a  and  a'  respectively;  a  vertical  upward  force  v  at 
a,  and  an  equal  downward  one  at  6^',  a  portion  of  the  weight  of  the  windward 
truss.  With  this  condition  and  relation  of  these  forces  we  can  write  the 
equations  of  equilibrium  as  follows: 


F+  V 

ff+H'+ffi 

(H'  +  -ffi)  X  22  +  F  X  16 


0; 
0; 
0. 


The  last  expression  is  the  moment  of  the  couple  whose  equal  forces  are 
-ff'  +  Hi  and  H^  whose  lever-arm  is  the  depth  of  the  truss  =  22,  and  the 
moment  of  the  couple  whose  forces  are  V  and  P  and  lever-arm  the  width  centre 
to  centre  of  chords  =  16  feet,  and  expresses  the  condition  that  the  structure  as 
a  w^hole  shall  not  be  overturned. 

In  the  three  equations  there  are  four  unknown  quantities,  namely,  H',  Hiy 
F,  and  F';  the  magnitude  of  the  forces  H'  and  Hi  are  therefore  indeterminate. 


Fig.  464.— Pratt  Truss. 

Leng^th  of  Bpan  =  i4i  ft. 

Divided  into  8  paoelR  each  =    18   " 

Showing  the  positions  and  directions  of  action  of  the  actual  and  assumed  forces  and  couples. 

AVe  are  therefore  compelled  to  make  one  of  three  assumptions:  (1)  jET  =  0; 
(2)  Hi  =  0;  (8)  If  =  nHiy  in  which  n  is  some  fraction  or  part  of  unity,  and 
since  H'  +  Hi  =z  H,  H'  and  Hi  can  be  determined. 

In  the  following  discussion  we  will  make  the  first,  namely,  H'  =  0. 

If  we  now  conceived  two  equal  and  directly  opposed  forces,  h  ==  H  =  Hi,  to 
tje  applied  at  the  point  6/  (see  Fig.  464),  and  acting  in  a  direction  parallel  to 
^  and  Zfi,  and  also  two  vertical  forces  v  applied  at  6,  equal  and  opposite 
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to  each  other,  and  eqnal  and  parallel  to  F  and  V,  the  existing  oonditions  of 
equilibrinm  are  not  disturbed.  Instead  then  of  single  forces,  we  hare  a  aeiiea 
of  couples: 

M  =  ff(h)  X  22;    IT,  =  Hi(h)  x  18; 

Mt  =  V(v)   X  18;    Mt  =  V\v)   x  16. 

m  =  mi,  as  seen  in  equations  of  equilibrium,  and  balances  independently;  and 
there  remain  mi  and  ni%^  whose  axes  are  perpendicular  to  each  other — one  Ter- 
tical,  the  other  horizontal.    The  resultant  wilt  be 


Mr  =  i^Jfi*  +  lf,«  =  18  i/jy«  +  P; 

M   =  Jf,  =  ^  X  22  =  F  X  16. 

22 
V   =  9450  X  Tg-  =  18,000  pounds. 


.-.  H.  =  18  ^"9450*  +  18,000«  ^  •»^,296  pounds. 

The  plane  in  which  this  couple  Mr  acts  contains  the  chords  V^/,  eta,  xnd 
a,  6,  e,  etc. ;  and  when  viewed  from  the  front  will  be  right-handed,  since  nii  is 
right-handed  viewed  from  above,  and  m«  is  right-handed  when  viewed  from 
the  rear,  as  indicated  in  the  moment  diagram,  Fig.  464(a).  The  forces  of  Mr  are 
then  r,  r  and  act,  as  indicated  by  the  arrows,  causing  compression  in  the  chord 
h^%\  etc.,  and  tension  in  the  chord  a,  6,  c,  etc.  The  lever-arm  of  this  couple  is 
the  diagonal  

66/  =  i^22«  +  16«  =  27.2. 
Then 

Compression  in  6/c,'  =  r  =  ■    /^  =  10,643  pounds. 
Tension  **    ab      =r  =  10,648       •« 

As  a  check  on  this  result 

18  18 

F  X  —  =  13,000  X   22  =  16,640  pounds. 

With  the  following  data  given  we  can  now  find  the  stresses  in  the  members 
of  the  portal: 

Depth  of  trusses  =  22  feet 

Clear  width  =14        ** 

Length  of  6,  F=  WF'  =8        " 

''b,A  =  6/il'  =5 


"        **  normal  b^h  =4 

*'        ''  AF=  A'P  =    9.44  " 


tt 


''  end  post  a\  =  aV  =  28.42  " 


Taking  moment  about  an  axis  at  6o' ,  after  conceiving  an  ideal  section  cutting 

6o'A'  and  A'F^  and  parallel  to  the  windward  truss,  the  only  acting  forces  are 

IIx  =  H  and  the  stress  in  A'F,    The  lever-arm  of  the  first  is  the  length  of  the 

end  post  =  28.42,  and  of  the  second  the  normal  from  6«'  on  A^F  =  4. 

28  42  28  42 

Stress  in  A:F  —  H  x  -^  =  9450  x  —V-  =  67,143  pounds.   Taking  F%' A' 

4  4 

b^'A'  5 

as  the  triangle  of  forces,  then  stress  in  6«'^'  =  67,148  x  -j-^  —  184,285  x  r-rr  = 
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85,563  pounds,  and  in  Wht!  =  67,143  x  -^^  =  67,143  x  ^-j^  =  56,900  pounds. 

The  kind  of  stress  is  found  by  considering  the  direction  of  the  moments.  That  of 
Hx  is  right-handed,  consequently  that  of  the  stress  in  AF\  must  be  left-handed . 
The  stress  in  AlB*  must  act  outward  to  the  right,  causing  tension.    Then  following 


Pig.  465.— Oblique  View  op  Lateral  and  Sway  Bracino. 

continuously  around  the  triangle  A'ho'F',  the  stress  on  A'W  acts  inward  on  Jo', 
indicating  compression.  The  force  in  WF  is  downward,  causing  compression. 
The  end  post  is  in  the  condition  of  a  projecting  beam  supported  at  P  and  acted 
upon  by  the  force  H  at  its  other  extremity.  The  greatest  bending  moment  i» 
therefore  =  J^  x  a'F  =  9450  x  (28.42  —  8)  =  192,969  foot-pounds. 


Length  of  span  =  000  ft. 

Divided  into  10  panels  each  =   30  ** 
Showing  the  posftions  and  direction  of  forces,  when  hU  thn  wind  pressure  is  carried  to  the  bottom 
chord. 


Fig.  466. 


If  the  wind  blows  in  the  opposite  direction  to  that  assumed,  corresponding- 
stresses  will  be  developed  in  am  and  h^L  as  were  found  in  the  chords  a'm'  and 
6o7t'  respectively.    The  stresses  in  lateral  struts  will  not  be  changed.    The  dotted 
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diagonals  will  have  a  tension  equal  to  that  found  for  the  full-line  diagonals  in  the 
same  panel. 

So  far  as  equilibrium  is  concerned  in  the  foregoing  discussion,  we  might  have 
assumed  Hi  =  0,  and  W  z=  --  H.  In  this  case  the  bending  moment  in  a6»  at  F 
would  be  equal  to  that  found  in  a'6o'  at  J^,  but  in  the  opposite  directiop.  The 
bending  moment  in  hM  at  A  would  be  equal  to  that  at  A\  but  in  the  opposite 
direction.  And  the  stresses  in  FA^  Ah^ ,  and  b%F  would  be  equal  in  amount  bat 
opposite  in  kind  to  those  found  in  the  members  FA\  A'W ,  and  A'F  respectively. 
In  other  words,  all  the  members  of  the  portal  should  be  proportioned  and  con- 
nected to  resist  both  tension  and  compression  of  the  amounts  determined  above 
The  end  posts  abo ,  a'&«' ,  and  &o5«'  are  subjected  to  both  direct  and  bending 
stresses,  and  should  be  proportioned,  and  dimensioned  accordingly. 

If  the  portals  are  in  a  vertical  plane  the  bending  moment  Mr  and  the  result- 
ant stresses  ?*  and  r  in  the  chords  boW  and  am  would  be  zero.  The  lengths  of 
the  upper  and  lower  lateral  trusses  would  be  equal. 

If  the  bridge  is  of  the  deck  design,  the  ends  of  the  chords  should  be  secured 
directly  to  the  piers  or  abutments,  as  there  will  then  be  no  bending  in  the  end 
posts.  Other  stresses  in  and  arising  from  the  lateral  trusses  will  be  computed  as 
for  through-bridges.  It  must  be  noted,  however,  that  the  wind  pressure  on  train 
and  floor  system  will  be  found  in  the  upper  chord. 

SWAT-BRACINQ. 

Sway-bracing  is  not  intended  to  nor  does  it  do  away  with  lateral  bracing  or 
trusses.  It  is  sometimes  stated  in  discussing  this  subject  that  its  purpose  is  to 
transfer  the  entire  wind  pressure  to  the  lower  chord  lateral  truss,  which  would 
imply  that  the  top  lateral  truss  is  omitted  entirely,  and  this  is  the  view  taken  in 
the  following  article.  As  Mr.  Bixby  says  in  a  preceding  article:  "The  sway- 
bracing,  which  is  placed  between  the  vertical  posts  of  the  main  trusses  at  each 
panel  point,  is  introduced  to  prevent  independent  lateral  vibration  and  swaying 
of  the  vertical  trusses;  also  to  stiffen  the  long  vertical  posts,  as  well  as  to  assiM 
in  carrying  some  of  the  wind  stresses  to  the  leeward  girder.  .  .  .  The  parts  of 
the  sway-bracing  are  therefore  usually  dimensioned  so  as  to  be  able  to  carry  50 
per  cent  of  the  wind  load  due  to  each  panel  of  the  bridge.^*  But  as  for  the  pres- 
ent purpose  it  is  immaterial  in  regard  to  the  exact  wind  load  employed,  the  author 
will  follow  the  method  of  distribution  of  pressure  as  given  by  Mr.  Burr.  Fig.  465 
is  designed  to  show  both  the  lateral  and  sway  trusses,  aa'b'b  and  6«&«'e«'c»  are 
portions  of  lower  and  upper  chord  lateral  trusses,  respectively,  xybM  is  the  por- 
tal sway-truss,  and  x'y  c^ct  is  one  of  the  intermediate  sway- trusses.  Fig.  466 
ahows  only  the  sway-trusses,  and  the  distribution  of  the  pressures  and  resist- 
ances. In  this  discussion  there  is  assumed  to  be  no  upper  lateral  truss,  and  con- 
aequently  no  transmission  of  intermediate  panel  wind  pressures  to  the  upper 
extremities  of  the  end  posts.  £aah  panel  wind  load  is  transmitted  at  its  own 
panel  point  to  the  lower  chord.  The  end  posts,  therefore,  except  that  they  may 
be  inclined  as  shown  in  Fig.  466,  and  are  therefore  longer,  are  in  the  same  con- 
,  dition  as  any  other  pair  of  posts  loaded  with  only  one  panel  wind  pressure.  The 
members  of  the  sway-truss  FF^  FiFt ,  6069' ,  and  OtC^'  are  in  compression,  and 
the  inclined  members  between  them  in  the  same  truss  are  in  tension.  The  direc- 
tion of  the  wind  indicated  in  the  sketch  will  relieve  the  truss  ab^c^sba  of  a  part 
of  its  weight  carried  by  it,  and  increase  that  carried  by  the  truss  a'6«'c«V6'a  by 
an  equal  amount,  and  vice  versa  if  the  wind  direction  were  reversed.  Let  tr 
represent  this  relief  (or  increase)  of  truss  load;  it  will  act  a»  though  hung  from 
Jo,  Co,  etc.  Let  FiC^  =  FtC^  =  d,  cFi  =  CiFt  =  a,  and  CoCo'  =  FiF^  =  b  applied 
to  the  sway-truss  CoCt'^FiFt  (see  Fig.  466).  Also,  let  ffss  total  wind  pressure 
per  panel  (for  one  truss)  on  J(coFi  +  Fic),  and  Hi  =  total  wind  pressure  per 
panel  (for  one  truss)  on  ^(coFi).    The  total  horizontal  reaction  =  ^H  +  Hi)  will 
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be  taken  as  concentrated  at  a*  and  acting  towards  a.  Taking  moments  about 
^n  axis  at  a\  the  acting  forces  are  2ir,  ^Hx ,  and  w.  Their  respective  lever- 
arms  are  a  +  c^,  a,  and  6,  respectively.    Hence  for  equilibrium 

2i3(a  +  d)  +  2fria  —  «*  =  0    and    w  =    ^  a      "> 

vrhich  is  the  relief  in  the  windward  truss. 

Ck>mpre6sion  in  coCo'   =  R^ 
Tension  **  c«'-Fi  =  m?  sec  c^FxCq. 

Compression  ^*  FiFt  =  Hi  +  w  tan  CoFtCo'. 
**  c'c'    =  t^. 

The  horizontal  resistance  2{H  +  ^i)  acting  at  &  produces  a  bending  in  c'e«', 
which  has  its  maximum  moment  at  jP»  or  if  =  %{ff  +  Hi}a, 

The  above  equations  enable  us  to  find  all  the  stresses  in  the  sway-bracing  by 
a  simple  substitution  of  the  proper  values  for  ff,  Hi ,  u\  and  the  angle  e^FiC^'. 
If  the  wind  blows  from  the  opposite  direction  the  diagonal  e^Ft  will  l^  stressed, 
and  not  c^Fi ;  but  the  amount  in  either  case  will  be  the  same,  and  of  the  same 
kind.  For  the  sway-truss  in  the  plane  of  the  portal  it  will  only  be  necessary  to 
make  h^F^d  and  aF^a.  No  other  changes  will  be  necessary.  Whatever 
may  be  the  amount  of  bending  moment  at  the  points  F^  F,  Fi ,  or  i<s ,  arising 
from  the  lateral  truss  or  sway- truss,  the  fibre  stress  must  be  determined  at  these 
points  of  maximum  bending,  which  is  done  by  solving  the  general  equation 

fl  M 

Jf  =  — ,  and  there  results/ =  -—-^  in  which  if  is  the  bending  moment  at  these 

points  of  the  posts,  y  is  the  greatest  distance  of  any  compressed  fibre  from  the 
neutral  axis  of  the  cross-section,  and  /  the  moment  of  inertia  of  the  section  about 
an  axis  passing  through  its  centre  of  gravity  and  lying  in  the  plane  of  the  trnss. 
To  /  must  be  added  the  amount  of  increased  weight  w  per  unit  of  area  of  cross- 
section  =s  w/A  \  hence  total  addition  to  be  made  to  the  regular  trnss  stresses  from 

w 
vertical  loading  is  / -f  -j. 

In  deck  bridges  the  sway-truss  has  the  full  depth  of  the  maiu  trusses,  the 
transvei'se  stmts  being  in  the  planes  of  the  bridge  chords.  The  relief  or  increase 
of  weight  or  direct  stress  on  the  posts  is  w.  Hi  would  be  applied  in  the  plane  of 
the  lower  chord,  and  is  the  compression  on  the  lateral  strut,  which  at  its  leeward 
end  combines  with  an  equal  pressure  producing  2Zf]  which  is  carried  by  the 
sway  diagonal  to  the  windward  upper  chord.     The  tension  in  the  diagonal  ig 

=  V  i^Hx)*  +  vf*  By  these  means  all  wind  pressure  is  carried  to  the  top  chord. 
No  parts  or  members  are  subjected  to  bending  stresses  from  wind  pressure. 

STRESSES  IN  BRACED  PIERS. 

The  following  discussion  in  braced  piers  is  taken  substantially  from  Burr's 
treatise  on  '■'•  Bridge  and  Roof  Trusses.'^  It  will  be  understood  by  reference  to 
the  accompanying  drawings.  Figs.  467  and .468.  In  Fig.  467  is  shown  an  elevation 
of  one  bent  of  a  high  iron  trestle  or  viaduct  whose  plane  is  normal  to  the  centre 
line  of  track.  This  bent  may  be  considered  one  of  a  pair  in  parallel  planes, 
which,  being  braced  together  by  longitudinal  braces  normal  to  the  plane  of  the 
bent,  constitute  a  complete  braced  pier.  Commonly  there  is  one  span  composed 
of  girders  on  trusses,  resting  directly  on  the  braced  pier,  and  having  a  length 
eqnal  to  the  distance  between  the  bents  forming  it,  and  another  span 
equal  to  the  clear  distances  between  the  nearest  bents  of  two  adjacent  piers 
•or  towers,  these  spans  alternating  in  this  manner  over  the  entire  length  of  the 
Tiaduct    This  arrangement  of  braced  towers  and  spans  is  adopted  whether  the 
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spans  are  equal  or  unequal  in  length,  and  whether  the  spans  are  long  or  short — 
say  30  or  60  feet.  Where  the  spans  are  unequal,  the  longer  is  between  the* 
towers. 

In  Fig.  467  the  inclined  members  AK  and  BL  are  columns  or  compression 
members,  as  also  are  the  horizontal  braces  CZ>,  ^E^  ^(^^  &Qd  KL,  The  diago- 
nals CF^  DE,  EM,  FGy  MK,  and  GL  are  tension  members. 

The  bridge  spans  may  be  of  the  through  or  deck  type.  In  the  diagram  Fig.  467 
it  is  represented  in  section  by  the  rectangle  ABO'O^  and  is  a  deck  or  .suspended 
truss.    The  rectangle  R(^TS  represents  a  skeleton  section  of  the  train. 

The  direction  of  the  wind  is  indicated  by  the  arrows,  and  acts  on  train,  truss^ 
and  pier,  or  for  the  unloaded  structure,  on  the  truss  and  pier.  The  wind  press- 
ure on  the  truss  or  truss  and  train  will  be  carried  to  the  top  of  the  pier  in  the 
same  manner  as  has  been  fully  discussed  for  wind  pressure  on  any  truss  and 
train. 

The  train  is  supposed  to  cover  the  whole  of  the  two  spans  adjacent  to  the 
bent.  Let  H  represent  half  the  total  pressure  against  the  trusses,  and  F  half 
that  on  the  train  covering  the  two  spans,  h  equal  the  height  of  the  line  of  action 
of  F  above  the  top  of  the  pier  AB,  and  6  equal  the  width  of  the  pier  AB,  The 
effect  of  the  wind  pressure  F  on  the  train  is  to  decrease  the  train  reaction  at  A^ 
and  to  increase  that  at  B  by  an  equal  amount. 

Let  hx  represent  the  vertical  distance  of  the  centre  of  action  of  JJbdow  AB, 
The  wind  pressure  on  the  suspended  truss  AB(yO  will  cause  an  increase  of  truss 
reaction  at  A^  and  equal  decrease  of  that  at  B. 

^ '^    b  ' 

Consequently  the  resultant  reaction  will  be  the  half  weight  ci  tnm  and  train, 

that  is,  ±  (7i-  F).    If 

the  total  horizontal  force  acting  at  A  will  beiff+F)  increased  by  the  horizontal 
components  of  ti  acting  at  A  and  B.  Each  of  these  horizontal  components  of  ti 
is  equal  to  ti  tang  a,  a  being  the  angle  between  either  of  the  inclined  posts  AK 
or  BL  and  a  vertical  line  through  A  or  B]  and  as  one  is  decrement  acting  upward 
and  the  other  an  increment  acting  downward,  their  horizontal  components  act  in 
the  same  direction,  and  the  two  together  =  2ti  tang  a.  Hence  the  total  hori- 
zontal force  acting  at  ^  =  (Jf  +  P—  2^  tang  a).  To  this,  of  course,  must  be 
added  the  wind  pressure  on  the  pier  itaelf  acting  directly  at  Ay  the  wind  press- 
ure transmitted  to  the  bent  at  its  top  AB,  and  the  wind  pressures  on  the  bent 
itself  concentrated  at  the  points  A,  C,  E,  G,  K,  B,  D,  F,  Jf,  and  L.  and  noting  that 
the  wind  panel  pressures  at  Ay  B,  K,  and  L  are  only  one  half  those  at  the  other 
points  we  are  enabled  to  determine  by  the  graphical  method  the  stresses  produced 
in  the  different  members  of  the  bent.  Diagram  Fig.  468  is  the  graphical  construc- 
tion for  determining  these  stresses.  Lay  off  the  horizontal  line  cd  to  represent 
the  total  horizontal  pressure  at  J.,  and  since  one  of  the  components  tt  tang  a  is  a 
pull,  the  compression  in  the  horizontal  meinber  AB  \scd  -^  tt  tang  a. 

The  wind  acting  in  the  direction  assuined,  the  diagonals  sloping  similarly 
to  AD  are  not  stressed.  We  have  then  acting  at  B  the  eoatpresBion  in  AB 
-f  half  panel  wind  pressure,  the  compression  in  BDy  and  the  tension  in  CB. 
Taking  clc'  to  represent  the  tirst  force  or  stress,  and  drawing  the  lines  {BD}^ 
and  (C!^>  4-  from  its  extremities  parallel  to  the  mei&beis^l>  aati  GB  respectively. 
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Pig.  468,  we  have  c'od  for  the  stress  polygon,  giving  the  stresses  as  indicated.  Lay 
off  to  the  right  of  cT  the  panel  wind  pressure  acting  directly  at  (7,  Fig.  467,  and 
>drawing  the  lines  d*o'  and  oo'  parallel  to  CE  and  CD.  dd'o'o  is  the  stress  poly- 
gon for  the  panQl  point  C,  giving  the  stresses  as  indicated.  Lay  off  dc"  the  panel 
wind  pressure  at  i>,  and  drawing  o'ox  parallel  to  DE^  and  cf'oi  parallel  to  DF. 
The  stress  polygon  for  joint  or  panel  point  D  is  do'oic"d'. 

Continuing  this  ntetfaod  all  the  stresses  in  the  members  of  the  bent  are  readily 
<letermined.  The  members  and  the  stresses  are  clearly  indicated  in  the  diagram, 
Pig.  468. 

These  are  the  stresses  in  magnitude  and  kind  caused  by  the  wind  pressure  on 
the  train,  truss,  and  pier.    We  are  now  to  find  the  stresses  |q  the  several  mem- 


ct^Tc^rf 


*j»n 


^B^dt 


Pig.  467.— End  Elevatiok  op 
High  Iron  Trbstlb. 


Pig.  468.— Graphical  Represen- 
tation OF  Stresses  in  High 
Iron  I'restles. 


bers  due  to  the  ^eights  of  the  train,  truss,  and  pier  itself,  which  must  be  com- 
bined for  the  same  members  in  order  to  obtain  the  final  maximum  stresses. 

Let  W  represent  the  total  weight  of  adjacent  trusses  and  moving  load  on  the 
pier,  TTi  the  panel  weight  of  the  pier  itself  resting  at  the  points  C,  E^  G,  D,  F, 
and  M,  and  iWi  at  the  points  A^  B,  K,  and  L;  then  the  resultant  reactions,  with 

W  W 

the  wind  blowing,  will  be  at  -4  =  —  —  iCi  and  at  3-^  +  ti ,  assnming  that  Vi  is 

larger  than  V,  which  means  that  U  acts  upward  at  A  and  downward  at  B, 

The  stresses  produced  by  the  vertical  Toads  at  A  and  B  and  the  other  panel 
points  will  be  as  follows : 
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sec  a. 


(W  W\ 

fW      ^        STTA 

"  "2!r6'  =  (-5:-^,  +  ^J8eca 

"  "  6fjr  =  y  -  ^  +  ^-  sec  a 


or        H;-  —  ^i  +  — :^    sec  a 


«« 


«< 


C4 


<4 


"i?D=(y +<,+^)seca 
"  i>^=  ^~  +^. +  — -jaeca 
**  FM=  ^--  +  t.  +  -3-1  sec  a 
"  JfZ/  =  —  +  ^  +  — -  see  a 


In  addition  to  the  wind  stress  developed  in  the  several  sections  of  the  inclined 
struts  iliTand  BL^  the  wind  has  also  the  effect  of  relieving  these  columns  on  the 
windward  side  of  a  portion  of  the  load  of  train  and  truss,  and  of  increasing  that 
on  the  leeward  columns  by  an  equal  amount;  consequently  it  was  necessai?  to 
introduce  —  U  and  +  tx  in  determining  the  stresses  due  to  weights  of  truss  and 
train. 

But  having  found  the  maximum  effect  of  wind  pressures  on  the  transverB& 
struts,  the  compression  in  these  members  due  to  the  weights  of  truss  and  traun 
are  determined  without  regard  to  wind  pressures,  with  which  they  must,  however, 
be  combined  to  determine  ultimate  maximum.  The  strut  AB  at  the  top  of  the  pier 
receives  therefore  the  horizontal  component  of  the  haJf  weight  of  train  and  truss, 
plus  the  panel  load  of  pier  supposed  to  act  directly  at  A^  while  each  suoceediDg 
strut  CD,  EF,  and  QM  receives  only  the  horizontal  component  of  the  weight  of 
the  pier  itself  concentrated  at  its  extremities,  and  the  bottom  stmt  KL  receives, 
the  horizontal  component  of  the  total  stress  in  GK,    We  can  therefore  write 

Oompression  in  AB  =  ( --  +  -g- 1  tan  a. 

"         «»  CD  =  Wi  tan  a. 
«»  «*  EF  =  Wi  tan  a 

"  **  QM^  TFitana 

Tension  in  KL  =  ( -q —  ^»  +  ~^)  **° 

(W  7P^\ 

~  +  ^1  +  -g^-)  t*0  «• 

The  difference  of  the  horizontal  components  in  KL  and  the  horizontal  compo- 
nent  of  ML  is  therefore  2t  tan  a  and  acts  towards  the  right,  and  is  an  unbal- 
anced force  Vhich  must  be  resisted  by  friction  or  some  special  device. 

The  stresses  due  to  wind  pressures  as  determined  oy  scale  from  diagram. 
Fig.  468,  must  now  be  combined  with  those  due  to  the  weights  of  train,  truss» 


a. 


ML=  -    -;r 
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and  pier  as  detennined  from  the  foregoing  equations.  For  simplicity  let  com- 
pression be  indicated  by  the  —  sign  and  tension  by  the  +  sign;  then  write  the 
following: 

From  Equations.  From  Fij;.  468. 

Streaseft  due  to  Loads.       Stresa^  due  to  Wind. 

-4C  =  -  [  y  —  ^i  +  -g- )  sec  a 

C7j&  =  -  f  g-  —  ^i  +  -y  1  sec  a  +  (CE) 

fW  5WA 

EG  =  —  [-^  -  U  -{-  -^j  seca  +  (E€f) 

QK  =  -\-^  -tx-k-  -g-l  seca  +  {GK) 

(W      ,        Wx\ 

^D  =  -  f  Y  +  ^  +  -y  j  sec  a  -  {BD) 

T)]?*  =  -  (y  +  ^x  +  -y-j  seca  -  {DF) 

^ fW  5TrA 

FM  =  ~  [  y  +  <i  +  -y  1  sec  a  —  {FM) 

(y  +U  +  -^j  sec  a  -  (ML) 

(W       W  \ 
y  +  y-j  tan  a  -  (AB) 

C^  =  -  ir,  tana  -(OD) 

IeF  =  -  TF,  tan  a  —  (EF) 

GM  =  ^  Wit&na  -  (G2d) 

IW  lWi\ 

^i  =  4-  (y  -  ^1  +  -Y')^^  ^    -(KL). 

The  second  terms  in  the  above  series  of  resultant  stresses  are  to  be  scaled 
from  Fig.  468,  and  as  the  diagonal  tension  members  GB,  ED,  GF,  and  KM  are 
stressed  only  by  wind  pressure,  their  maximum  stresses  are  obtained  by  scaling 
directly  from  the  stress  diagram.  With  the  wind  comiug  from  the  opposite 
direction,  these  diagonals  would  not  be  stressed,  but  AJD  and  those  sloping  in 
the  same  direction  would  then  be  under  tensile  stress  of  the  same  amouuts  as 
CB,  ED,  GFy  and  ^if  in  the  same  panels. 

The  horizontal  struts  would  have  the  same  stress  as  already  determined.  The 
condition  of  the  inclined  struts  would  interchange,  AKhemg  stressed  as  already 
determined  for  BL,  and  BL  as  found  for  AK, 

All  the  stresses  may  be  checked  by  the  method  of  moments,  and  such  checks 
should  always  be  applied. 

The  total  reactions  R  and  R'  in  Fig.  467  are: 

• 

R  =  f^  -  ^  +  4t^;i  J  +  i2a; 
i2'=  f|'  +  Jf.  +  4m.',  j  +  Rx, 
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The  terms  m  the  parentheses  are  the  total  weights  of  pier,  truss,  and.  train 
on  the  windward  and  leeward  columns  of  the  bent  respectively,  and  Rt  and  Ri 
and  the  respective  vertical  components  shown  in  diagram  Fig.  468.  £i  is 
taken  as  positive  and  equal  to  —  l^i. 

The  lateral  force  IT  is  the  total  wind  pressure  against  the  train,  truss,  and 
pier,  and  is  to  be  resisted  at  the  foot  of  the  bent  by  friction  or  some  special 
device.  If  /  is  the  coeflScient  of  friction  at  K  and  L,  the  lateral  frictioual 
resistance  at  iT  is /i2,  and  that  at  L  \s/R\ 

It  is  assumed  that  both  the  reactions  R  and  R'  are  upward,  for  otherwise 
one  of  the  inclined  columns  would  be  lifted  from  its  bearing. 

The    expression  KL   has    been  written    that   all    frictional    resistance  ii 

developed  at  L.    More  properly  the  stress  in  KL  shotild  be  (KL)i  =  (KL)  — /ii, 

always  assuming,  numerically,  (KL)  >  /R, 

If  no  train  is  on  the  structure,  then  W  applies  only  to  the  weight  of  the 
trusses  in  the  preceding  relations.  If,  instead  of  a  deck-bridge,  suspended  by 
its  top  chords  from  the  top  of  the  pier,  a  through-bridge  is  us<3,  restinpr  on  top 
of  the  pier  along  the  plane  of  its  lx)ttom  chord,  Vi  and  V  would  have  the  same 
sign  and  ti  =  Vi  +  F,  noting  that  h  is  the  distance  from  the  centre  of  action  of 
P  to  the  top  of  the  pier,  and  that  ^i,  now  the  distance  of  the  centre  of  action  Hu 
the  wind  pressure  on  the  truss  above  the  same  plane,  i.e.,  the  top  of  the  pier. 

Mr.  Burr  states  that  the  web  members  of  a  braced  pier,  carrying  a  double- 
track  railway,  will  receive  their  greatest  stresses  with  the  windward  track  only 
loaded.  This  fact  he  attributes  to  the  investigations  made  by  Mr.  J.  A.  Powers. 
O.E.  The  discussion  of  this  condition  is  so  similar  to  the  preceding,  that  the 
author  will  not  introduce  it  here,  but  refers  the  reader  to  Mr.  Burr's  *'  Treatise 
on  Stresses  in  Bridges  and  Roofs.*' 

Hudson-river  Bridge  Specifications. 

The  following  is  taken  from  the  EngineeHng  Record^  March  16,  1^95 
The  specifications  offer  a  concise  outline  of  the  bridge  and  the  leading  essentials 
of  design  and  proportionment,  and  we  reprint  them  in  full  as  affording  a  com- 
plete resume  of  the  fundamental  considerations  for  an  enormous  construction  on 
advanced  technical  lines.  .  .  . 

The  great  importance  and  cost  of  this  proposed  bridge  and  the  diffienlty  of 
foretelling  the  future  demands  on  its  trafTic  capacity  require  that  it  should  be 
capable  of  carrying  any  traffic  brought- to  it  by  the  connecting  lines  without  any 
restrictions  as  to  speeds,  loads,  frequency  of  trains,  or  other  limitaticHis  differing 
from  those  in  force  upon  well-regulated  railroads. 

The  si)eciti cations,  therefore,  define  the  capacity,  strength,  and  l^al  restric- 
tions under  which  the  bridge  is  to  be  built.  But  upon  all  points  where  the  bidder 
is  at  liberty  to  seek  the  best  and  most  economical  design  the  specifications  are 
intentionally  made  very  general.  Before  the  acceptance  of  any  proposal,  detail 
specifications  defining  the  methods  proposed  by  the  bidder,  and  which  must. 
Sit  least,  equal  the  best  practice  of  the  day,  will  be  prepared  to  supplement 
these  general  specifications. 

Location. — The  bridge  will  be  located  at  such  points  between  Fifty-ninth  and 
Sixty-ninth  Streets,  New  York  City,  as  may  be  approved  by  the  Secretary  of  War. 

JSpan  and  Elevation. — The  span  will  have  a  clear  length  of  3100  feet,"  the  pjere 
being  located  inside  of  the  pier-head  lines.  The  elevation  shall  be  such  that  the 
bridge  shall  afford,  under  any  conditions  of  load  or  temperature,  a  clear  head- 
way above  high  water  of  spring  tides  of  not  less  than  150  feet  at  the  centre  of 
the  span. 

Capacity. — The  bridge  will  have  six  standard  railroad  tracks  upon  one  level. 

General  Description.  — The  general  type  of  the  proposed  bridge  will  be  a  steel- 
wire  suspension  bridge,    stiffened    for    moving  load   by   longitudinal   girdos 
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extending  from  tower  to  tower.  The  main  span  only,  or  that  portion  between 
the  towers,  will  be  carried  by  the  cables.  The  side  spans,  or  that  portion 
between  the  towers  and  anchorages,  will  be  carried  upon  viaducts,  independent 
of  the  cables.  The  towers  will  \^  steel  skeleton  structores,  comrnenciug  at  hu 
elevation  about  50  feet  above  high  water,  where  the  masonry  piera  end.  All 
the  connections  must  be  riveted  aud  all  the  bracing  must  be  rigid.  The  stiffen- 
ing trusses  will  be  riveted  lattice  girders,  with  multiple  systems  of  diagonal  web 
bracing.  They  may  be  made  continuous  from  tower  to  tower,  or  they  may  be 
made  with  a  central  hinge — ^at  the  option  of  the  bidder.  All  the  lateral  and 
sway-bracing  of  the  main  span  and  the  towers  will  be  formed  of  rigid  members, 
capable  of  resisting  either  tension  or  compression.  The  transverse  and  longi- 
tudinal fioor-beams  will  be  riveted  pl^te  girders.  There  must  be  two  longitudinal 
girders  under  each  track.  The  anchorage  bars  will  be  eye-bars  of  medium  steel, 
and  the  anchorage  pedestals  will  be  built  from  forms  of  medium  steel,  and  will  * 
rest  on  dressed  granite  blocks  carefully  bonded  into  the  adjoining  masonry. 

Each  bidder  can  select  such  depth  of  versine,  number,  and  arrangement:  of 
cables,  depth  of  stiffening  trusses,  and  general  details  as  he  may  deem  best, 
within  the  requirements  of  these  specifications.  The  main  piers  and  anchorages 
will  be  founded  upon  the  rock.  The  viaduct  piers  may  be  founded  upon  rock,  or 
upon  piles,  or  upon  such  other  form  of  foundation  as  may  be  approved  by  the 
chief  engineer.  Bidders  must  submit  with  their  proposals  plans  for  the 
anchorages  and  piers,  showing  the  proposed  method  of  founding  their  general 
construction,  ana  the  character  of  the  masonry. 

The  exposed  faces  of  all  masonry  will  be  of  granite  or  other  approved  stone. 

LOADS. 

The  structure  shall  be  proportioned  to  carry  the  following  loads,  tlje  first  two 
of  which,  taken  together,  shall  constitute  the  ''dead"  or  ''permanent"  load, 
while  items  8,  4,  and  5  will  be  known  as  the  "live"  loads. 

First.  The  weight  of  rails,  ties,  guards,  footwalks,  etc. ,  above  the  longitudinal 
track  girders  shall  be  taken  as  400  pounds  per  lineal  foot  of  each  track. 

Second.  The  weight  of  metal  in  the  structure. 

Third.  Trains  weighing  8000  pounds  per  lineal  foot  of  track,  covering  all  the 
tracks  from  tower  to  tower,  at  rest  or  moving  slowly. 

Fourth.  Trains  1000  feet  in  length,  and  weighing  8000  pounds  per  lineal  foot 
upon  each  of  the  six  tracks;  these  trains  being  supposed  to  be  moving  at  high 
speeds,  either  all  in  one  direction,  or  the  three  on  the  north  tracks  in  one  direc- 
tion and  the  three  on  the  south  tracks  in  the  opposite  direction. 

Fifth.  For  the  floor  girders  and  other  members,  which  will  get  their  greatest 
stress  from  ^ngine  loads,  a  uniform  load  of  8000  pounds  increased  by  load  of 
50,000  pouncU  upon  each  track.  Items  8,  4,  and  5  will  be  known  as  the  "live" 
loads. 

Sixth.  Wind. — The  structure  covered  with  trains  of  cars  will  be  assumed  to 
be  acted  upon  by  a  wind  force  of  25  pounds  per  square  foot  of  snrface  of  the 
bridge,  or  a  wind  force  of  100  .pounds  per  square  foot  of  surface  of  the  bridge 
only  for  a  length  of  800  feet.  The  wind  will  be  supposed  to  act  either  horizon- 
Tally,  or  at  an  angle  of  80*  above  or  below  the  horizontal:  but  the  horizontal 
compouent  only  need  be  considered. 

Seventh.  Temperatures. — A  range  of  temperature  of  75**  Fahr.,  above  and 
below  the  mean,  shall  be  considered  in  proportioning  all  parts  of  the  structure. 
The  modulus  of  elasticity  of  the  cables  will  be  assumed  as  80,000,000  pounds, 
and  for  the  trusses  and  other  parts  made  from  structural  steel  fis  28.000.000 
pounds.  The  coefficient  of  expansion  for  steel  will  be  assumed  as  0.0005  for 
75*  Fahr.  All  parts  of  the  structure  shall  be  proportioned  to  meet  the  maximum 
•conditions  produced  by  combination  of  the  *'dead"  load  with  either  of  the 
^'live  "  loads  8,  4,  and  5,  the  wind,  and  tempenituri'. 
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ALLOWED  UNIT  STRAINS. —MEMBEBS  SUBJECT  TO  TENSION. 

Cables. — Under  the  above  specified  loads  the  allowed  tension  upon  the  wires 
in  the  cables  shall  not  exceed  a  maximum  of  54,000  ponnds  per  square  inch. 

Suspenders, — ^The  allowed  tension  in  the  suspenders  shall  not  exceed  80,000 
pounds  per  square  inch  of  the  section  of  the  wires. 

Cross-stays. — The  wire  ropes  used  for  staying  the  cables  together  may  be 
strained  to  60,000  pounds  per  squai'e  inch  of  the  wires. 

Anchor-bars, — The  anchor-bars  may  be  strained  to  30,000  pounds  per  square 
inch. 

Floor  Hangers,  etc, — Forged-steel  hangers  and  similar  members  shall  not  be 
strained  more  than  7500  pounds  for'Mive"  loads  and  15,000  pounds  for 
**dead"  loads. 

Floor  Girders, — These  girders  shall  be  proportioned  upon  the  supposition 
that  the  liending  or  chord  strains  are  resisted  entirely  by  the  upper  and  lower 
flanges,  and  that  the  shearing  or  web  strains  are  resisted  eutirely  by  the  web 
plates.  No  part  of  the  web  plates  shall  be  estimated  as  flange  area.  Under 
these  conditions  the  lower  flanges  of  the  longitudinal  floor  girders  shall  not  be 
strained  above  10,000  pounds  per  square  inch  of  net  section.  The  lower  flanges 
of  the  transverse  floor  girders,  when  subject  to  tension  only,  shall  not  be  strained 
above  15,000  pounds  per  square  inch  of  net  section.  The  top  flanges  of  such 
girders  will  be  made  of  the  same  gross  section  as  the  lower  flanges,  but  the 
flanges  must  be  stayed  against  transverse  crippling  at  distances  not  exceeding 
20  times  their  width. 

Stiffening  Trusses, — The  chords  of  the  stiffening  trusses,  when  subject  to 
tension  only,  shall  not  be  strained  above  18,000  pounds  per  inch  of  net  section 
by  the  live  loads,  nor  more  than  22,500  pounds  by  the  combined  action  of  live 
loads,  temperature,  and  wind.  Tension  members  of  the  lateral  and  sway  systems 
shall  not  be  strained  in  tension  above  18,000  pounds  per  square  inch  of  net  section. 

Members  Sutfject  to  Compression. — The  columns  of  the  towers  shall  be  so 
proportioned  that  the  maximum  compression  per  square  inch  will  never  exceed 
that  given  by  the  following  formula : 

P  =  20,000  -  70i/r. 

For  the  compression  struts  in  the  lateral  or  sway  system  of  bracing  the  unit 
strain  must  not  exceed 

P  =  17,600  -  75//r, 

where  P  =  allowed  unit  strains,  I  =  length  in  inches,  r  =  least  radius  of  gyra- 
tion in  inches. 

The  chords  of  the  stiffening  truss,  when  subject  to  compression  only,  shall 
not  be  strained  by  live  loads  above 

P  =  17,500  -  60Z/r, 
nor  by  combined  action  of  live  loads,  temperature,  and  wind  above 

P  =  22,500-80//r. 

MEMBERS  SUBJECT  TO  REVERSAL  Ot  STRAINS  BT  LIVE  LOADS. 

Under  tlie  reversal  of  strains  by  live  loads  the  chords  of  the  stiffening 
trusses  shall  not  be  strained  above  the  unit  strains  given  by  the  following 
formulas  : 
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^=:r=-^^.  20,000; 

c  =  --£^^30,000  -  70l/r); 

where  t  =  allowed  tension  per  square  inch,  c  =  allowed  compression  per  square- 
inch,  2*=  total  tension  on  the  member,  C  =  total  compression  on  the  member, 
a  =  yaloe  of  the  net  section  in  terms  of  the  gross  section,  I  and  r  as  before. 

Should  the  transverse  floor- beams^  be  subject  to  reversal  of  strains  by  the  live 
loads,  the  allowed  strains  will  be  deduced  in  a  similar  manner. 

SHEARING  STRAINS  AND  BEARING  PRESSURES. 

The  shearing  strains  and  bearing  pressures  upon  the  rivets  or  pins  connecting 
any  members  shall  never  exceed  75  per  cent  and  150  per  cent  respectively  of 
the  maximum  allowed  tension  or  compression  on  these  members  for  any  particu- 
lar loading.  Pins  shall  not  be  subject  to  a  greater  bending  strain  than  18,000^ 
pounds  per  square  inch  under  the  assumption  that  the  middle  halves  of  the 
bearing  surfaces  of  the  several  members  are  considered  as  uniformly  loaded  with 
the  applied  forces.  The  webs  of  plate  girders  must  be  stiffened  at  intervals  not 
exceeding  the  depth  of  the  girders,  whenever  the  shearing  strain  is  greater  than 
that  given  by  the  following  formula 

12,000 
8  =  — 


8,000 

where  H  equals  the  ratio  of  depth  of  web  to  its  thickness. 

Masoni'y. — ^The  pressure  transmitted  to  the  masonry  by  the  towers  or 
anchor  pedestals  shall  not  exceed  40,000  pounds  per  square  foot  of  surface 
under  the  maximum  possible  loading.  The  pressure  within  the  masonry  or 
upon  the  rock  foundation  shall  not  exceed  20,000  pounds  per  square  foot,  after 
allowing  for  displacement  of  the  water,  silt,  and  sand ;  the  weight  of  water 
being  taken  at  63  pounds,  silt  at  100  pounds,  and  sand  at  120  pounds  per 
cubic  foot.  The  pull  of  the  cables  must  be  resisted  by  that  part  of  the 
anchorage  masonry  which  is  above  mean  high  water,  and  its  value  for  this 
purpose  will  be  determined  by  the  following  factors  :  Weight  per  cubic  foot  of 
masonry  to  be  taken  at  150  pounds ;  coefficient  of  friction  as  0.6 ;  factor  of 
stability  as  2. 

DETAUfi  OF  CONSTRUCrriON. 

The  arrangement  of  the  anchorages  must  be  such  that  all  parts  of  the  cables, 
anchorage  links,  and  pedestals,  other  than  the  pedestal  bearings,  shall  be 
readily  accessible  for  inspection,  cleaning,  and  preservation.  The  towers  and 
cables  must  be  treated  on  the  supposition  that  the  saddles  are  or  may  become 
immovable.  The  effects  of  the  wind  upon  the  cables  may  be  provided  for  by 
cradling  the  cables  and  staying  them  together.  The  effects  of  the  wind  upon 
the  floor  and  trusses  must  be  provided  for  by  a  suitable  system  of  lateral  and 
sway  bracing  between  the  chords  of  the  stiffening  trusses.  The  suspenders  may 
be  made  of  wire  ropes,  or  cables  of  straight  wires,  suitably  wrapped.  The  cables, 
must  be  so  arranged  that  those  on  each  side  will  be  equally  strained  under  any 
loading.  The  stiffening  trusses  shall  be  given  a  camber  of  5  feet  when  at  their 
lowest  position  from  load  and  temperature.  No  compression  member  with  a 
length  greater  than  125  times  its  least  radius  of  gyration  will  be  allowed.    No 


1580  SUPPLEMENT. 


plate  or  shaped  forms  of  steel  of  a  less  thickness  than  five-eighths  of  an  inch 
.shall  be  used.  All  details  and  connections  shall  be  of  such  proportions  that  npon 
testing  to  rupture  they  may  be  of  equal  strength  to  the  members  tbej  coanect. 
All  parts  must  be  accessible  to  cleaning,  painting,  and  inspection. 

No  closed  forms  will  be  allowed.  Wherever  it  is  possible,  all  rivets  must  be 
driven  by  power  riveters.  All  bearing  surfaces  and  abutting  joints  most  be 
accurately  tooled;  all  details  of  the  structural  work  and  all  methods  of  maoa- 
facture  must  be  equal  in  character  to  the  best  practice  in  American  bridge  work. 

All  the  wires  in  the  cables  must  be  carefully  and  accurately  adjusted  for  the 
positions  they  will  finally  occupy  in  the  ^nished  cables.  The  wires  in  each 
strand  must  be  continuously  spliced.  The  length  of  the  wires  shall  be  so 
arranged  that  the  splices  will  be  uniformly  distributed  throughout  the  strands 
^nd  cables.  The  splices  must  be  satisfactory  to  the  engineer,  but  a  splice  which 
will  give  75  per  cent  of  the  strength  of  the  wire  without  any  enlargement  of  the 
splice  will  be  considered  preferable  to  one  which  creates  an  enlargement  with  a 
greater  percentage  of  strength. 

The  wires  of  each  cable  must  be  thoroughly  compact«d  into  a  cylindrical 
form,  saturated  with  a  selected  preserving  preparation,  and  then  closely  and 
firmly  bound  together  by  a  wire  wrapping  put  on  in  the  most  approved  manner. 
Parts  inaccessible  to  the  wrapping  process  must  be  protected  to  the  satisfaction 
of  the  engineer.  The  unprecedentedly  large  diameter  of  the  cable  for  a  bridge 
of  the  size  of  this  structure  will  demand  that  the  strands  be  squeezed  together 
and  wrapped  in  two  or  more  processes,  the  inner  strands  being  treated  as  ^ 
separate  cable,  around  which  the  additional  strands  will  be  placed,  squeezed, 
and  wrapped.  The  number  of  these  processes  shall  be  determined  by  the 
engineer  after  the  size  and  manner  of  making  the  cable  have  been  selected. 

The  pull  of  the  suspenders  in  the  direction  of  the  cables  must  be  taken  up 
otherwise  than  by  the  friction  of  the  cable  bands  produced  by  bolts  throogh 
their  flanges.  Only  20  per  cent  of  the  normal  pressure  upon  the  cables,  pro- 
duced by  the  load  on  the  suspenders,  shall  be  considered  as  resisting  this  poll 
The  remainder  must  be  taken  up  by  supplementary  cables  or  ropes,  running 
from  the  saddles  to  the  suspender  connections,  or  some  equally  acceptable  device. 

MATERIALS  OF  CONSTRUCTION. 

Maso^ii^y.—The  kind  and  quality  of  all  stone,  cement,  sand,  and  other  mate- 
rials used  in  the  foundations  or  the  masonry  must  be  to  the  satisfaction  and  ap- 
proval of  the  engineer.  The  masonry  of  each  part  of  the  work  shall  be  thor- 
oughly compacted  and  cemented  into  one  solid  mass  free  from  voids,  and  each 
class  of  masonry  shall  be  in  all  particulars  fully  equal  to  the  best  accepted  prac- 
tice of  the  day  for  its  class.  For  the  main  piers,  where  great  strength  is  desired, 
the  selected  kind  of  masonry  must  be  made  of  such  materials  and  be  so  bonded 
that  the  required  strength  will  be  obtained.  For  the  anchorages,  where  weijd^t 
of  masonry  is  the  more  important  element,  a  cheap  class  of  masonry  may  be 
used  for  tlie  interiors  ;  but  externally  this  masonry  must  be  of  granite  or  other 
selected  stone,  of  such  forms,  dimensions,  and  projections  as  will  give  a  suitable 
appearance  for  a  work  of  this  magnitude  at  this  location.  Each  bidder  most 
clearly  specify  the  kind  and  quality  of  masonry  proposed  for  each  part  of  the 
work. 

Btiilt  Strtictural  Work.— The  stiffening  trusses,  floor,  bracing,  towers,  anchor- 
bars,  pins,  hangers,  and  pedestals  will  be  of  *^  medium  steel,"  which  shall  have 
an  ultimate  strength  of  60,000  to  68,000  pounds  per  square  inch,  an  elastic  limit 
of  not  less  than  83,000  pounds,  and  a  minimum  elongation  of  20  per  cent  in  8 
inches,  when  tested  by  samples  cut  from  the  finished  bars  having  a  length  of 
12  inches  and  a  uniform  sectional  area  of  one-half  square  inch. 

Before  or  after  heating  to  a  low  cherry-red  and  cooling  in  water  at  82®  Fahr., 
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this  steel  must  stand  bending  to  a  curve  whose  inner  radius  is  1^  times  the  thick- 
ness of  the  sample  without  cracking. 

The  finished  bars,  plates,  and  shapes  must  be  free  from  cracks  on  the  faces  and 
comers,  and  liave  a  clean,  smooth  nnish. 

All  sheared  edges  of  plates  and  other  forms  must  be  planed  off  to  a  depth  of 
one-fourth  inch.  All  rivet-holes  must  be  drilled  after  the  several  pieces  forming 
one  member  are  assembled  together,  or  they  may  be  punched,  and,  after  assem- 
bling, reamed  to  a  diameter  one-eighth  inch  larger. 

All  forged  work  must  be  finally  annealed.  All  rivets  shall  be  of  soft  steel. 
The  saddles  may  be  steel  castings. 

Wire, — The  wire  for  the  cables  shall  not  be  less  in  diameter  than  No.  8  Bir- 
mingham gauge,  or  0.359  inch.  It  shall  be  bright,  '* straight''  wire,  free  from 
any  tendency  to  coil  when  unrolled.  Machine-straightened  wire  will  not  be  ac- 
cepted. It  must  be  perfectly  free  from  nipper  marks.  It  must  have  an  ulti- 
mate strength  per  square  inch  of  180,000  pounds,  an  elastic  limit  of  90,000 
pounds  per  square  inch,  and  an  elongation  of  4  per  cent  in  a  length  of  1  foot ; 
it  must  stand  wrapping  around  a  rod  one-half  inch  in  diameter  at  least  four 
turns  without  evidence  of  fracture.  Each  wire  must  have  a  minimum  length  of 
1800  feet  without  weld,  joint,  or  splice.  A  variation  in  diameter  not  exceeding 
0.006  inch  will  be  permitted  in  the  length  of  one  wire,  and  a  variation  of  th& 
minimum  size  of  the  various  wires  not  exceeding  0.003  inch.  All  wire  as  soou 
as  made  must  be  passed  through  an  approved  preparation  of  linseed- oil  to  pro- 
tect it  from  oxidation.  After  testing  and  acceptance  of  the  coils  they  will  be 
jointed  and  coiled  upon  suitable  drums  for  transportation,  in  lengths  as  great  as 
can  be  practically  handled  or  transported.  The  drums  must  be  of  such  a  diam- 
eter as  not  to  injure  the  straightness  of  the  wire. 

All  the  wire  shall  be  subject  to  the  following  tests  : 

1.  Each  ring  may  be  tested  for  tensile  strength,  elastic  limit,  elongation,  and 
bending,  by  samples  cut  from  either  end  of  the  wire ;  or,  2,  upon  satisfactory 
evidence  that  the  stock  and  method  of  manufacture  are  uniform  one  wire  from 
each  40  may  be  selected  as  the  basis  of  acceptance  or  rejection  of  the  whole  40. 
In  this  case  a  length  of  wire  of  40  feet  may  be  cut  from  any  part  aiid  subjected 
to  test.  Such  piece  must  show  an  ultimate  strength  of  180,000  pounds  per 
square  inch,  an  elongation  over  its  whole  length  of  2  per  cent,  and  an  elastic- 
limit  not  less  than  90,000  pounds  per  square  inch.  It  must  also  answer  the  re- 
quirements of  the  wrapping  test. 

8.  More  frequent  tests  than  the  above  may  be  made  by  direction  of  the  engi- 
neer, but  for  such  additional  tests  the  loss  of  the  material  and  expense  of  testing- 
shall  fall  upon  the  bridge  company  in  case  the  wire  complies  with  the  specifica- 
tions, otherwise  they  shall  be  at  the  contractor's  cost. 

The  wrapping  wire  will  be  No.  8  B.W.G.  for  the  external  wrapping  and  No. 
10  B.W.G.  for  the  internal  wrappings.  It  must  be  annealed  steel  wire  and 
have  an  ultimate  strength  of  not  less  than  80,000  pounds  per  square  inch.  If  the  % 
suspenders  are  made  from  straight  wires  wrapped,  the  wire  must  not  be  less  in 
size  than  No.  6  B.W.G.  and  be  equal  in  quality  to  the  wires  of  the  cables.  If 
the  suspenders  are  made  from  wire  ropes,  the  ropes  must  be  steel  wire  with  a 
wire  core.  The  ropes  must  have  an  ultimate  strength  of  180,000  pounds  per 
square  inch  of  the  cross-section  of  the  wires  and  an  elastic  limit  of  at  least 
90,000  pounds.  The  wires  must  not  be  less  than  No.  10  B.W.G.,  and  must 
stand  wrapping  around  a  i-inch  rod  and  being  unwrapped  without  fracture. 

Some  ordinary  clauses  relative  to  inspection,  testing,  painting,  proposals,  etc., 
are  omitted.  The  specifications  were  drawn  by  Mr.  Theodore  Oooper,  the  con- 
sulting engineer  for  the  bridge  company. 

Hudson  River  Bridge,  N.  Y. 
Extracts  from  the  report  of  the  Commissioners  appoitft4$d  by  the  :l^pesfd^dt, 
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namely,  G^rge  8.  Morison,  W.  H.  Burr,  G.  Bonscaren,  Theodore  Cooper,  C.  W. 
Baymond.    For  a  full  discussion  see  Eng.  Eeoord,  Sept.  8,  1894. 

Cantilever  spans  of  from  2000  to  3100  feet  are  considered  entirely  practica- 
ble and  safe.  Comparisons  of  cost  are  made  as  follows :  1st,  2000-foot  span.— 
The  piers  to  cousist  of  four  cylinders,  200  feet  centres  in  each  direction.  Weight 
on  each  cylinder,  including  the  effects  of  wind  pressure,  25,000  tons.  At  the 
east  pier  rock  is  found  at  a  depth  of  125  feet,  at  the  west  pier  rock  is  found 
at  a  depth  of  260  feet,  below  mean  high  water. 

The  allowed  pressure  between  the  metallic  bed-plates  and  the  top  of  th^ 
masonry  is  20  tons  to  the  square  foot,  and  the  pressure  within  the  masonry  lo 
tons  to  the  square  foot. 

The  estimated  cost  of  these  piers,  including  excavation  and  sinking,  is  $1  pc-r 
'Cubic  foot  above  a  plane  125  feet  below  water,  and  an  increase  of  8  mills  to  this 
for  each  additional  foot  of  depth. 

Each  cylinder  of  the  east  pier  contains  866,000  cu.  ft.,  costing  $866,000.  or 
for  the  four  $8,464,000. 

Each  cylinder  of  the  west  pier  contains  1,880,000  cu.  ft.,  making  cost  of  each 
cylinder  $2,427,500,  and  of  the  four  $9,710,000. 

The  anchorage  piers,  finishing  150  feet  above  high  water  and  20  feet  thick 
X  100  feet  long,  cost  above  water  75  cents  and  below  $1.00  per  cubic  foot :  ooer 
of  east  pier  $431,000,  and  w^est  pier  $1,038,000;  or  a  total  for  substructure  of  $14,- 
481,000.  Weight  of  superstructure  280,000,000  pounds,  having  a  total  length  vf 
4120  feet,  and  on  another  location  240,000,000  pounds  and  total  length  uf 
4820  feet— the  load  being  8000  pounds  per  lineal  foot,  and  maximum  stress  20.0<'«i 
to  22,500  pounds  per  square  inch,  or  one-third  ultimate  strength.  240.000,00ii 
pounds  at  4^  cents  per  pound  =  $10,800,000;  giving  total  cost  of  2000-ft.  span 
$25,448,000. 

2d.  For  the  8100-ft.  span  both  main  piers  would  be  founded  at  a  depth  of 
125  feet.  The  weight  of  the  trusses  of  this  span  would  be  about  three  times  thai 
of  the  2000-ft.  span,  and  the  weight  of  the  floor  and  moving  load  li  times.  Th*" 
total  reaction  on  the  piers  would  be  at  least  2^  times.  Hence  each  of  the  cylin- 
ders would  have  to  carry  62,500  tons.  The  piers  are  so  large  that  their  volumes 
can  be  proportioned  to  the  loads  or  weights  carried,  or  the  volume  of  each  pivr 
2^  times  those  of  the  2000-ft.  span.  So  each  of  the  two  piers  will  cost  $8,660,0u0; 
the  cost  of  the  two  anchorage  piers,  estimated,  $958,000.  Total  cost  of  sulk^tnic- 
ture,  $18,278,000.  Weight  of  superstructure  730,000,000  pounds  at  4^  cts.,  $8:2.- 
850,000,  or  a  total  cost  of  $51,128,000.  Hence  considered  impracticable  oa 
Account  of  cost. 

Then  a  6-track  suspension  bridge  is  discussed,  and  pronounced  a  safe  stmctnne. 

The  essential  differences  between  a  cantilever  and  a  suspension  bridge  are : 
First,  that  in  the  place  of  compression  chords  of  the  cantilever  we  have  lactl 
anchorages  built  of  eye-bars  and  masonry  ;  second,  in  placeof  the  tension  chords 
of  the  cantilever  we  have  cables  built  of  wire  of  a  superior  grade  of  metal;  tbinl. 
in  place  of  the  web  bracing  of  the  cantilever  we  have  a  composite  system  of  sus- 
penders and  stiffeners. 

No  question  can  be  raised  as  to  the  safe  and  permanent  character  of  th^ 
anchorages,  if  built  with  a  sufficient  factor  of  resistance  and  proper  provisioiv< 
for  thorough  protection  of  the  anchor  chains  against  rusting.  They  have  the  ad- 
vantage over  the  compression  chords  of  the  cantilever  that  their  weight  is  sup- 
ported directly  on  the  ground  instead  of  forming  a  part  of  the  dead  load  to  i>e 
carried.  Wire  at  least  three  times  as  strong  as  eye-bar  steel  is  a  luercbaotable 
article,  and  cables  have  less  weight  to  be  carried  by  the  superstmcture. 

A  cantilever  bridge  is  a  rigid  structure,  subject  to  those  changes  of  sbope 
only  which  are  due  to  strains;  it  is  well  adapted  to  railroad  uses,  while  it  is 
claimed  that  suspension  bridges  cannot  have  a  snflScient  degree  of  rigidity  for 
railroad  purposes,  and  that  the  stiffening  members  cannot  be  properly  proper 
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tioned,  owing  to  the  uncertainty  which  exists  in  the  intensity  of  stresses  due  to 
changes  of  temperature  and  elastic  deformation  in  the  composite  system. 

Three  principal  methods  have  been  employed  to  secure  greater  rigidity  in  sus- 
X)ension  bridges : 

First,  by  inclined  stays  extending  from  the  top  of  the  towers  to  the  platform  ; 
second,  by  trussing  the  cables  either  with  straight  chords  or  by  a  system  of 
braces  between  two  cables ;  third,  by  a  stiffening  girder  fastened  to  the  platform 
and  extending  from  one  tower  to  the  other. 

The  third  method,  that  of  the  stiffening  truss,  is  recommended. 

The  substructure  consists  of  masonry  piers,  finishing  at  fifty  feet  above  high 
water ;  the  towers,  of  steel,  570  feet  high  from  top  of  masonry  to  saddles,  or 
€20  feet  from  surface  of  water.  For  towers  of  this  height  there  is  no  question  of 
the  economy  and  expediency  of  using  metallic  construction.  The  anchorages 
would  be  of  masonry,  located  about  1000  feet  back  of  the  towers  ;  the  clear  span 
3100,  between  saddles  8200,  feet.  Both  towers  and  anchorages  would  have  to  be 
founded  on  rock  ;  the  cables  are  to  be  of  wire,  and  the  plans  have  been  based  on 
cable  containing  about  6000  No.  3  wires  (0.259  in.  in  diameter), guaranteed  strength 
180,000  pounds  per  square  inch,  at  moderate  prices,  and  a  much  stronger  wire  at 
a  higher  price  ;  the  unit  stress  on  cables  of  straight  wire.  60,000  pounds  per 
square  inch,  or  one-third  the  breaking  strength ;  a  versed  sine  of  400  feet,  or 
one-eighth  of  the  span.  In  the  East  River  bridge  the  versed  sine  is  less  than 
one-twelfth  of  the  span,  and  about  the  same  as  in  the  other  long-span  suspension 
bridges.  In  the  East  River  bridge  the  cables  are  of  steel  wire  and  the  towers  of 
masonry.  With  the  introduction  of  steel  towers  the  economical  proportious  were 
changed,  and  it  became  practicable  to  adopt  a  greater  versed  sine  than  has 
hitherto  been  considered  wise. 

A  lengthy  discussion  of  the  duties  and  mode  of  action  of  stiffening  trusses  is 
given. 

A  stiffening  truss  is  a  girder  supported  by  the  cable  and  extending  from  one 
tower  to  the  other.  It  is  fastened  to  the  platform,  at  the  several  points  of  sus- 
pension to  the  cables,  and  it  may  be  fastened  to  the  towers  in  two  ways — it  may 
be  held  in  the  vertical  direction,  anchored  down  as  well  as  supported,  and  acting 
as  a  girder  resting  on  two  supports;  or  it  may  be  fastened  also  in  the  horizontal 
direction,  acting  as  a  girder  fixed  at  the  ends.  The  first  is  recommended,  as 
having  greater  simplicity  in  the  computation  of  stresses  without  material  SJicrifice 
in  economy.  They  also  recommend  as  practicable  and  more  economical  the 
truss  to  be  hinged  at  the  centre. 

Six  cables  are  to  be  used  on  each  side,  the  cables  being  twenty  feet  apart  on  the 
top  of  the  towers,  the  two  cables  next  to  the  centre  on  each  side  being  in  vertical 
planes,  and  the  other  cables  cradled  into  planes  which  intersect  in  the  lines  of 
the  pins  which  sustain  the  floor-beams.  Cradling  is  not  deemed  necessary.  A 
separate  suspender  reaches  from  each  pin  to  every  cable,  the  suspenders  being  in 
the  same  planes  as  the  cables. 

Weights  and  Cost — 

structural  Stress.  Pounds. 

Suspended  structure 100,921,600 

Towers 76,047,000 

Chains 27,300,000 

Anchor-plates 2,400,000 

206,668,600 

Cost  at  4*  cents $9,300,087 

Wirework.  Pounds. 

Cables 79,647,800 

Suspenders 4,560,000 

84,207,800 

Cost  at  8  cents $6,786,624 

Cost  of  substructure $17,480,960 
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The  design  of  the  Union  Bridge  Company  for  this  bridge,  based  on  Mr.  Cooper  * 
specifications,  has  been  accepted  by  the  Secretary  of  War.  Guaranteed  cost  not 
to  exceed  $25,000,000. 

extraotb  from  the  rsport  of  the  engineers  on  the  proposed  h(7dson  rlteb. 
Bridge.    Pressures  on  Masonry  and  Foundations. 

Weight  of  granite  masonry  per  cubic  foot  =  153  pounds;  of  concrete,  120. 

Pressure  on  central  shaft  of  East  River  bridge:  20  tons  per  square  foot. 

Cresy:  51  tons  on  9  sq.  in.;  1370  pounds  per  sq.  in. 

Two  columns  in  church,  Toussant  d^ Augers,  12  in.  diameter,  25  feet  high, 
carrying  pointed  arches:  load  on  each,  25  tons,  or  400  lbs.  per  sq.  in. 

Piers  of  dome,  St.  Peter's:  1022i  lbs.  on  9  sq.  in.,  or  113  lbs.  per  sq.  in. 

**  Tnvalides :"  922  lbs.  on  9  sq,  in.,  or  1,02  lbs.  per  sq.  in. 

St.  Genevieve:  1840  lbs.  on  9  sq.  in.,  or  204  lbs.  per  sq,  in, 

St.  Paul's:  1190  lbs.  on  9  sq.  in.,  or  132  lbs.  per  sq.  in. 

Columns,  St.  Paurs.  without  Wtalls:  1235  lbs.  on  9  sq.  in.,  or  137  lbs. per  sq.in. 

Church,  Toussant  d' Angers:  2767  lbs.  on  9  sq.  in.,  or  307  lbs.  per  sq.  in. 

Cylinders  for  bridge  piers  resting  on  firm  sand  in  estuaries  and  bays:  5  to  3.6 
tons  per  sq.  ft. 

Dutch  engineers  consider  from  6  to  6.16  tons  as  safe  loads  on  firm,  clean 
sand:  on  very  firm,  compact  sand  foundations,  at  considerable  depths,  not  le^ 
than  20  feet,  and  on  sandy  gravel,  6.7  to  7.84  tons;  firm  shale  and  clean  gravel, 

6.7  to  8.96  tons;  on  compact  gravel,  7.84  to  10.08  tons  per  sq.  ft. 

Clean  sand  and  homogeneous  Tiiames  gravel  has  been  weighted  with  280  cut. 
per  square  foot  at  depths  of  3  to  5  feet  below  the  surface,  with  no  signs  of  failure. 
Stiff  clay,  marl,  sand,  or  gravel  have  been  loaded  with  from  55  to  110  cwt,,  or 

3.08  to  6.16  tons. 

Gorai  Bridge :  close  sand,  Lock  Kew  gravel,  Bordeaux  gravel,  loaded  with  165 
to  183  cwt. ;  Nantes  sand,  with  152  cwt.,  showing  some  settlement;  Szege<din  cIaj 
and  fine  sand,  133  cwt.,  or  7.4  tons,  reinforced  by  driving  piles  in  interior  of 
cylinders  and  sheathing  outside. 

Charing  Cross:  159  cwt.;  including  adhesion,  8.9  tons. 

Cannon  Street:  117  cwt.;  including  adhesion,  6.5  tons. 

Roque  Favour  Aqueduct:  258  cwt.,  rocky  ground;  14.4  tons  per  sq.  ft 

Bunker  Hill  Monument:  On  hard  sand  and  gravel,  5^  tons;  no  settlement 

Hardpan,  under  tower  of  brick  church:  7  tons  per  sq.  ft.;  some  settlement. 

Specifications  for  Electric-railway  Constructhon. 

The  road  is  to  consist  of  5i  miles  of  single  track,  standard  gauge,  with  three 
cross-overs  and  double  track  sufficient  for  convenient  switching.  The  over- 
head line  is  to  be  supported  on  the  side-pole  system,  with  curves,  swiiches,  etc- 
The  feeder  system  is  to  maintain  a  maximum  drop  not  to  exceed  10  percent 
under  full  load.  Cars,  motors,  and  other  apparatus  for  the  operation  of  the 
road,  exclusive  of  the  power-house  equipment,  are  to  be  provided. 

Ballasting  and  Levelling, — The  road  must  be  well  ballasted  with  coarse  gravel 
level  with  the  top  of  ties,  6  inches  deep  underneath  the  ties,  and  brought  to  a 
grade,  according  to  grade  stakes  fiiriii'sh'ed  "by  the  supervising  engineer  of  the 
company.  The  track  niust  be' brought  to  alignment  by  tamping  well  under  each 
and  every  tie,  giving  a  solid  foundation  before  any  filling  is  done.  At  cross- 
roads, or  where  village  grades  are  established,  they  must  l^  strictly  adhered  to. 
At  all  curves  the  outer  rail  must  be  raise'd  as  specified  in  curve  plan,  so  that  the 
necessary  high  speed  may  be  attainable  with  safety,  and  special  care  most  be 
taken  to  have  curves  well  tamped  while  ballasting  or  filling  between  the  ties. 
Wherever  marsh  or  soft  ground  is  encountered  a  substructure  of  broken  stone  or 
other  suitable  material  must  be  built,  so  that  a  safe  and  reliable  foundation  i$ 
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fui'Dished  before  the  ties  are  tamped  or  any  levelling  is  attempted.  Special  care 
must  be  exercised  by  the  oootractor  in  ballasting  and  leveling  that  a  perfect 
alignment  is  secured. 

Ties. — The  ties,  except  those  for  switches  and  curves,  must  be  of  sound,  white, 
clear  cedar,  with  two  well-levelled  surfaces,  not.  less  than  7  feet  long,  7  inches 
face,  and  6  inches  deep.  They  must  be  spaced  2  feet  centres,  except  at  joints, 
where  they  must  not  be  more  than  6  inches  apart.  At  curves  or  cross-overs  the 
ties  must  be  of  white  or  burr  oak,  8  feet  long,  6  inches  deep,  and  8  inches  face. 
These  must  be  spaced  24  incites  centres  from  the  point  of  switch  to  a  dis- 
tance of  four  feet  from  outer  end  of  frog.  Ties  must  be  free  from  rot,  worm- 
holes,  splits,  or  other  imperfections  affecting  the  strength  or  durability  of  the 
timl)er,  must  be  subject  to  the  inspection  and  approval  of  the  supervising  engi- 
neer of  the  company,  and  must  be  well  tamped  and  firmly  bedded  with  gravel, 
in  order  that  each  tie  shall  have  a  solid,  unyielding  foundation  under  it. 

Hails, — The  rails  will  be  the  Illinois  Steel  Company's  56-lb.  standard  T-rail, 
made  of  steel,  with  ends  sawed  square  and  smooth,  and  having  a  length  of  30 
ft.'ct  t)er  rail.  They  must  be  free  from  flaws,  honeycomb,  or  blisters,  and  must  be 
straight  in  all  directions,  free  from  twist  of  any  kind.  The  rails  shall  be  drilled 
for  tish-plates  and  bauds  as  per  plan,  and  must  be  laid  perfectly  straight,  level, 
and  to  gauge.  They  must  be  fastened  by  two  5  x  ^^  in.  iron  spikes  at  each  end 
of  tie,  so  driven  as  to  avoid  splitting  the  tie.  Riiil  joints  must  be  carefully  made» 
and  so  adjusted  that  the  rail  ends  are  not  closer  together  than  ^  in.,  nor  farther 
apart  than  \  in.  Fish-plates  must  be  of  the  standard  pattern  made  for  this  par- 
ticular rail,  and  bolted  up,  using  thoroughly  reliable  lock-nuts,  the  same  to  be 
driven  home  with  a  hammer  while  the  nut  is  being  drawn  up.  This  operation 
must  be  gone  through  twice  on  every  joint.  Special  care  is  to  be  taken  in  laying 
curves,  which  must  be  placed  accurately  to  plan,  and  spikes  must  be  so  driven 
that  they  will  not  draw  from  strain  on  the  rail.  This  work  must  be  done  sub- 
ject to  the  most  rigid  inspection  and  approval  of  the  supervising  engineer,  from 
.whom  all  sights  and  centers  can  be  obtained. 

Special  Work. — ^The  special  work  shall  consist  of  three  turnouts  and  such 
switches  and  curves  as  may  be  necessary  to  run  cars  into  the  car-house,  or  at  the 
terminals.  This  work  must  be  done  in  a  thoroughly  reliable  manner,  and  none 
but  first  class  workmanship  will  be  accepted. 

All  switches,  turnouts,  crossovers,  station  tracks,  terminal  tracks,  etc.,  must 
be  built  of  the  standard  rail,  and  must  correspond  in  character  with  the  track 
specified  for  the  general  line,  and  as  little  cast  iron  used  as  is  consistent  with 
first-class  construction.  All  surfaces  subject  to  wear  must  be  of  steel.  Switch 
tongues  must  be  of  the  standard  length  and  size.  The  gauge  of  the  track  shall 
be  4  feet  8^  inches,  and  the  gauge  of  turnouts,  switches,  etc.,  shall  be  so  full 
as  to  insure  the  operation  of  motors  and  tracks  easily  at  high  speed. 

Bonding. — At  each  joint  the  rail  must  be  bonded  by  two  0000  B.  and  S. 
copper  rail  bonds  of  a  length  of  6i  inches  between  centres.  These  bonds  must 
1x3  securely  riveted  into  each  side  of  the  lower  flange  of  the  rail,  the  hole  in  the 
rail  to  be  countersunk  from  top  side  and  to  be  brightened  before  the  bond  is 
driven  in.  The  bond  must  have  a  solid  shoulder  against  which  to  rivet.  This 
work  must  be  done  in  a  careful  and  accurate  manner,  so  that  an  absolutely  per- 
fect contact  shall  be  obtained  from  the  bond.  Each  bond  and  rivet-head  must, 
after  being  placed,  be  painted  with  a  coating  of  black  asphalt.  The  bonds  must 
be  .so  placed  that  the  fish-plates  can  be  displaced  without  interfering  with  bonds. 
Pde  Line, — Side  poles  for  span-wire  construction  are  to  be  used  throughout, 
except  in  such  places  as  it  may  be  found  impracticable  to  set  a  pole  at  each  side 
of  the  roadway,  in  which  case  a  pole  with  a  single  bracket  arm  is  to  be  used.  All 
poles  shall  consist  of  carefully  selected  white  cedar  timber,  straight  and  trimmed 
round.  They  must  not  be  less  than  7  inches  diameter  at  the  top,  which  must  be 
roofed  or  pointed.     The  height  of  the  pole  shall  be  20  feet  above  the  level  of  the 
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track  line,  and  each  pole  is  to  be  set  at  least  6  feet  in  solid  ground.  They  most 
be  placed  not  less  than  100  feet  nor  more  than  125  feet  apart,  and  there  must  be 
used  at  least  90  poles  per  mile.  Poles  must  be  set  in  line,  with  a  rake  or  ineUna- 
tion  in  opposite  direction  to  strain  of  18  inches  in  20  feet.  The  bole  in  whieli 
the  pole  is  to  be  set  must  be  dug  as  small  as  possible  consistent  with  the  pit>{)er 
placing  of  pole  as  specified,  and  the  filling  so  well  packed  that  the  pole  shall  be 
able  to  withstand  any  ordinary  strain  on  the  span  wire. 

Where  marshy  ground  is  encountered,  such  provision  must  be  made  and  ma- 
terial furnished  as  will  secure  a  reliable  setting  for  the  pole.  Cement  or  broken 
stone  shall  be  used  if  required,  and  if  necessary  guy  stays  must  be  provided.  All 
poles  necessary  for  curves  or  anchor  poles  must  be  set  according  to  plan  or  direc- 
tion of  supervising  engineer.  All  poles  shall  be  painted  with  one  coat  of  lead- 
color  oil-paint.  Where  brackets  are  to  be  used,  a  substantial  wrought-iron  nrm 
shall  be  furnished.  A  span  wire  of  J-inch  galvanized  steel  wire  shall  be 
stretched  from  pole  to  pole,  with  a  ratchet  at  one  end  so  that  slack  can  be  readily 
taken  up.  This  ratchet  shall  be  of  the  best  and  most  approved  make.  The  span 
wire  to  be  drawn  tight  with  a  slight  strain. 

Trolley  Line.—Tti^  trolley  wire  shall  l>e  No.  0  B.  and  S.  hard-drawn  copper,  in 
lengths  of  not  less  than  one  mile,  and  must  be  supported  on  straight  line  hang- 
ers with  either  Medbury,  ^Etna  or  John's  insulation,  using  15-inch  soldered  ears 
to  support  the  wire.  The  overhead  work  on  curves  to  be  constructed  in  the  most 
approved  manner,  using  9-inch  slips  with  improved  pull-offs  for  all  spans.  All 
switches  to  be  of  the  most  improved  plan,  and  so  adjusted  as  to  allow  the  trolley 
wheel  to  follow  accurately.  Strain  pull-offs  are  to  be  placed  at  intervals  not  ex- 
ceeding one  mile,  by  which  the  line  must  be  anchor^  in  both  directions.  The 
ends  of  the  line  must  be  securely  anchored  through  reliable  strain  insalatons. 
Standard  splicing  ears  must  be  used  to  connect  the  ends  of  the  wire,  and  the 
joints  must  be  well  soldered.  This  work  must  stand  an  insulation  test  of  not  less 
than  one  megohm  per  mile. 

Feeders. — Provided  the  power-house  is  placed  at  a  distance  not  exceeding  2000 
feet  from  the  terminus  of  the  line,  two  feeders  are  to  be  provided  for  earryiuL' 
the  current  from  the  powerhouse  to  the  line.  These  must  have  weather-proof 
insulation  and  be  placed  on  feed-wire  insulators  and  supported  by  two  pin-oak 
cross-arras  securely  bolted  to  the  side  poles.  There  will  be  three  feed- wires  of 
No.  0000  B.  and  S.  gauge.  One  feed-wire  will  be  10,000  feet  long  and  of  an 
area  of  4.0  circular  mills,  and  tap  at  the  end  through  a  feeder  ear  to  the  tnillev 
wire.  The  second  feeder  must  be  20,000  feet  long  and  of  an  area  of  4.0  circular 
mills,  and  the  third  30,000  feet  long,  tapped  at  the  end  through  a  feeder  enr  to  the 
trolley  wire.  These  feeders  shall  be  put  up  in  a  substantial  and  reliable  manner, 
in  accordance  with  the  best  electrical  practice.     All  joints  must  be  well  soldered. 

The  feeders  are  to  be  protected  by  a  water  lightning-arrester  at  the  power- 
house end,  and  no  fewer  than  five  non-arcing  lightning-arresters  are  tobeplatvd 
Along  the  line  at  intervals  of  one  mile.  These  arresters  must  be  securely  fasieneti 
to  the  poles,  and  connected  with  No.  6  insulated  wire  from  the  rail  for  the  grour.  i 
connection  and  a  No.  6  insulated  wire  from  a  feeder-ear  on  the  troUej'  wire  for 
the  current  connection. 

Cars. — The  contractor  shall  furnish  two  closed  motor  cars,  25  feet  long  in  the 
J)ody,  33  feet  long  over  all,  and  7  feet  10  inches  wide,  with  a  seating  capacit) 
for  44  people,  and  an  approximate  weight  of  body  of  about  7000  pounds:  c»ne 
closed  motor  car,  34  feet  long  over  all,  and  7  feet  4  inches  wide,  with  sesuin?: 
capacity  for  44  people,  and  weight  of  about  4500  pounds;  also  three  open  car> 
for  use'as  trailers,  having  a  width  of  6  ft.  10  in.,  a  total  length  of  84  feet,  ami 
having  twelve  seats,  with  capacity  for  60  persons,  and  weighing  about  fiSO'J 
pounds.  These  cars  are  to  be  furnished  with  monitor  roofs,  full-line  ventilators. 
faro  registers,  mirrors,  gongs,  radial  draw-bars,  ratchet  brake-handles,  sand- 
boxes, bumpers,  commodious  seats,  etc.,  and  shall  be  trimmed  and  finished  in 
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:such  Style  and  with  such  appurtenances,  carpets,  and  trimmings  as  shall  be  re- 
<]uired  by  tlie  railway  company.  The  painting  and  lettering  of  cars  shall  be  as 
•directed  by  the  railway  company. 

Tjtieks. — There  shall  be  furnished  for  each  of  the  closed  2d-feet  motor  cars 
two  pivotal  trucks,  with  four  wheels  to  each  truck;  the  wheels  to  weigh  not  less 
than  800  pounds  each.  The  truck  must  be  furaished  with  standard  brakes,  and 
with  proper  method  of  suspension  for  motors;  the  wheels  for  said  trucks  to  be  86 
inches  diameter,  and  all  four  so  connected  as  to  receive  nniformly  the  power 
transmitted  to  their  axles  from  the  motor;  all  wheels  of  said  trucks  to  be  of  same 
size.  Each  truck  shall  be  furnished  with  improved  brake  appliances  and  life- 
<rtiard3.  For  the  16-foot  closed  motor  car  a  standard  motor  truck  of  some  first- 
-class  reliable  make  shall  be  furnished,  having  a  wheel-base  of  at  least  6  ft.  6  in., 
provided  with  equalizing  springs,  life-guards,  adjustable  brake  system,  journal- 
boxes,  and  all  parts  and  adjustments  in  consonance  with  theltest  truck  const ruc- 
tiou.  For  the  three  34-foot  trail-cars  pivotal  four-wheel  plain  trucks  shall  be 
furnished,  with  proper  springs,  life-guards,  and  brake  attachments,  designed 
<^pecially  to  secure  easy  riding  and  noiseless  action. 

Motors. — The  motor  cars  shall  be  equipped  with  motors  as  follows:  The  two 
«ight- wheel,  double- truck  motor-cars  shall  be  furnished  with  two  80-H.P.  single 
reduction  motora,  and  the  one  four-wheel  motor  car  (closed)  shall  be  furnished  with 
two  15-H.P.  single  motors.  These  motors  shall  be  furnished  with  all  the  equip- 
ment and  appliances  necessary  and  usual  for  a  complete  motor  equipment  and 
use  upon  a  motor  car,  including  controller,  switches,  lightning-arresters,  fuse- 
box,  light  circuit,  etc.,  and  all  must  be  of  the  best  known  material  and  standard 
make.  The  motors  must  be  of  the  latest  style,  either  of  the  General  Electric  Go. 
or  the  Westinghouse  railway  types,  with  single  reduction  gearing,  and  guaranteed 
to  give  a  speed,  with  86-inoh  wheels,  of  35  miles  per  hour  when  running  to  their 
f  ull  horse-power. 

The  controller  must  be  that  which  is  known  as  Type  K,  General  Electric  con- 
troller, or  standard  Westinghouse,  and  be  of  the  latest  improved  form.  All 
other  apparatus,  such  as  switches,  trolleys,  contacts,  lightning-arresters,  etc., 
must  be  of  standard  make  from  the  same  company  furnishing  the  motors.  Ten 
lights  are  to  be  placed  on  each  motor  car,  two  four-light  clusters  inside  the  car, 
placed  on  suitable  fixtures,  and  one  light  on  each  platform,  to  be  controlled  on  a 
five-light  circuit  by  two  snap  switches.  The  trail-cars  must  also  have  light  fix- 
tures the  same  as  the  motor  cars,  with  connections  so  arranged  as  to  take  light 
from  the  motor  cars. 

Tests. — All  work  shall  be  regularly  and  systematically  tested  while  in  process 
of  construction,  and  any  defects  found  shall  be  immediately  remedied.  The  final 
test  shall  be  made  in  the  presence  of  the  supervising  engineer  or  his  representa- 
tive, and  the  right  is  reserved  by  the  railway  company,  in  case  any  doubt  arises 
as  to  the  fulfilment  of  the  true  spirit  and  intent  of  these  specifications,  to  de- 
mand a  test  by  expert  engineers,  selected  as  is  usual  in  matters  of  arbitration, 
whose  decision  shall  be  final  on  all  disputed  points,  the  expense  of  such  tests  to 
be  borne  equally  by  both  parties,  unless  the  apparatus  or  material  shall  prove 
(It^fective,  in  which  case  the  contractor  shall  bear  the  expense  and  shall  also  remedy 
the  defects,  and  he  shall  also  be  liable  for  any  damage  or  loss  to  the  said  railway 
company  resulting  from  conditions  incident  to  the  remedying  of  such  defects. 

During  the  progress  of  the  work  it  shall  be  subject  to  the  inspection  of  the 
supervising  engineer  or  of  his  representative.  The  railway  company  will  assume 
no  liability  nor  responsibility  for  any  of  the  installation  until  formally  accepted 
in  writing,  and  no  part  will  be  accepted  until  the  company  is  satisfied  that  it 
fully  complies  with  the  spirit  and  intent  of  the  specifications.  The  acceptance 
of  any  portion  of  the  work  shall  not  be  construed  as  a  final  acceptance,  and  the 
failure  of  any  part  to  perform  its  proper  function  shall  be  sufficient  ground  for 
the  rejection  of  the  whole. 
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The  final  acceptance  shall  be  given  only  after  the  completion  of  the  work  con- 
templated nnder  the  specifications,  according  to  their  true  spirit  and  intent,  and 
after  the  final  test  as  specified. — (Abstracts  from  the  specifications  of  the  chief 
engineer,  Mr.  Wm.  Powrie,  Waukesha,  Wis.    See  Engineering  News,  Jan.  24^ 

1895.) 

Electric  Street-railway,  Denver,  Colo. 

The  Denver  Consolidated  Tramway  Co.  is  now  operating  a  system  of  100 
miles  of  electric  street-railway,  including  some  175  crossings  (many  of  which  are 
railway  crossings,  825  switches,  and  375  curves.  The  track  is  laid  entirely  with 
T  rails,  many  miles  of  which  are  in  paved  streets,  and  this  track  is  found  very 
smooth  and  to  require  but  little  expense  for  maintenance.  The  rail  is  6  in.  high, 
with  5  in.  base,  and  weighs  72  pounds  per  yard.  The  curves  are  all  **  spiral^  "^ 
with  a  system  of  gr&duated  guards  introduced  by  Mr.  John  A.  Beeler,  constnicc- 
ing  engineer  of  the  company. 

On  curves  from  85  to  75  ft.  radius  a  spiral  approach  of  18  ft.  is  used  aft  both 
ends.  At  the  point  of  spiral  curve  (P.  S.  C.)  the  radius  equals  infinity,  thtmoe 
decreasing  until  it  corresponds  with  the  given  radius  of  the  central  curve,  what- 
ever that  may  be.  (58  ft.  is  the  example  taken  in  Engineering  IfewSy  Itay  10, 
1894.) 

From  the  diagram  given  it  seems  that  the  gauge  of  the  track  on  the  straight 
portions  of  the  line  is  8  ft.  6  in.;  the  half-gaugo  or  distance  from  the  centre  Use 
of  the  track  to  the  outer  or  convex  rail  is  maintained  throughout  at  21  in.  The 
distance  from  the  centre  line  to  the  inner  or  concave  rail  is  21  in.  on  the  straight 
portions  of  the  line,  until  a  point  8  ft.  from  the  beginning,  the  P.  S.  C,  of  the 
spiral,  where  it  is  made  21i  in.;  at  the  P.  S.  0.  it  is  21^^  in*;  &t  the  middle  of 
the  18-ft.  spiral,  21]^  inches;  and  at  the  junction  of  the  spiral  with  the  r^ular 
curve,  21i  in. ;  and  continues  at  this  to  the  junction  of  the  regular  curve  and 
spiral  on  other  side  of  the  middle  point. 

Points  intermediate  to  those  given  above  have  a  proportional  width.  The 
graduated  guard  is  a  piece  of  flat  sleigh-shoe  steel  boltc^i  to  the  rail  at  intervals 
of  12  in.,  and  separated  from  the  rail  by  means  of  CAst^iron  fillers,  which  vary  in 
thickness.  On  the  straight  track  and  about  8  ft  from  the  P.  S.  C.  the  space  be- 
tween the  rail  and  guard  is  made  \i  in.;  then  gradually  increasing  by  the  use  of 
wider  fillers  to  1^^  in.,  If  in ,  1/^  in.,  until  at  the  junction  of  the  spiral  and 
regular  curve  a  space  H  in.  is  reached,  which  continaes  around  the  regular  or 
central  curve.  On  a  curve  of  a  shorter  or  longer  radius  than  53  ft.  the  filkfs 
may  be  placed  accordingly.  By  this  construction  the  guard  rail  can  be  placed  in 
its  proper  position  with  respect  to  the  wheel  and  where  it  is  wanted,  andnoc  at  a 
fixed  distance  from  the  gauge,  as  is  common,  regardless  of  the  length  of  the 
radius;  consequently  it  does  not  wear  out  as  rapidly  as  the  grooved  girder-rail 
which  renders  the  whole  rail  useless.  When  this  steel  guard  thus  spaoed  is  worn 
to  any  extent  it  can  be  taken  oflf,  reversed,  and  used  over  again.  With  proper 
elevation  of  the  outer  rail  a  very  high  rate  of  speed  may  be  maintained  (from  15 
to  18  miles  per  hour  on  curves  having  a  radius  of  45  ft.)  without  causing  the 
usual  bumping  and  lurching  of  the  car.  The  construction  gives  a  very  smooth 
riding  track,  without  danger  of  the  car  leaving  it. 

Abstractts  from  an  Article  on  ELECTRiomr  in  Mininq,  Transactions  or 
THE  American  Institute  of  Mining  Engineers,  by  F.  O.  Blackwelu 

Lynn,  Mass. 

Koughly  estimated  there  are  800  companies  in  the  United  States  engaged  in 
mining  and  kindred  arts,  who  now  employ  electricity.  All  these  plants  hare 
been  installed  in  the  last  few  years.  The  great  danger  of  accident,  loss  of  life. 
destruction  of  property,  etc.,  humanity,  and  economy  demand  the  employment  ot 
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M  means  to  secare  greater  safety.   Whatever  adds  to  the  comfort  and  facilitates 
work,  diminishes  financiid  risk  and  increases  profits,  should  be  adopted. 

Electricity  has  been  shown  to  be  safe,  efficient,  and  reliable — a  system  of 
the  greatest  simplicity,  completeness,  and  flexibility,  permitting  power  from  one 
source  to  be  distributed  in  units  of  any  desired  size  and  for  any  purpose  to  Xhe 
places  where  it  can  be  employed  to  the  greatest  advantage,  thereby  securing  the 
minimum  consumption  of  power  and  expenditure  of  labor.  With  electricity 
there  is  neither  friction,  heat,  nor  condensation.  There  is  no  leakage  or  loss  of 
power  when  not  in  use,  which  especially  recommends  it  for  intermittent  work. 
It  is  not  affected  by  heat  or  cold,  and  does  not  vitiate  the  air  as  is  the  case  with 
steam  or  compressed  air.  Rapid  deterioration  of  timbering,  a  source  of  great 
expense  in  all  mines,  due  to  bad  air  and  heat,  is  to  a  great  extent  obviated. 
The  risk  of  fire  is  greatly  decreased.  With  proper  safety  devices  and  a  system 
of  concentric  wiring  it  is  practically  impossible  to  start  a  fire  from  the  current. 

Prime  Source  of  Power, — By  conversion  into  electrical  energy,  water-power, 
even  at  considerable  distance  from  the  mine  or  mill,  can  be  made  valuable  for 
all  purposes,  and  steam-power  can  be  so  located  as  to  secure  fuel  and  water 
cheaply.  In  addition  to  this,  one  large  engine  costs  less,  is  more  evenly  loaded, 
requires  less  attendance,  and  is  necessarily  more  efficient  than  a  number  of  small 
ones.  The  introduction  of  electricity  has  in  this  way  made  important  reductions 
in  the  cost  of  power,  and  there  are  cases  in  which  it  would  be  impossible  to  run 
without  its  help. 

At  Virginius  Mine  at  Ouray,  Colo.,  800  H.P.  is  carried  at  800  volts  from 
a  water-power  4  miles  distant.  The  cost  of  coal  at  this  mine  was  formerly  $18 
>  per  ton,  which  would  amount,  for  the  present  plant,  to  about  |80,000  per  year, 
equalling  the  total  cost  of  the  electric  plant.  The-item  of  fuel  was  a  complete 
saving,  the  expense  of  operating  the  steam  and  electric  plant  being  about  the 
same  in  other  respects. 

Several  mines  in  Colorado  are  operated  by  electricity  that  could  not  be  by 
steam,  on  account  of  their  situation  on  the  face  of  precipitous  cliffs,  up  which 
the  transportation  of  water  and  fuel  would  be  nearly  impossible.  The  route  to 
the  Virginius  plant  the  character  of  the  country  is  very  rough,  a  portion  at  an 
elevation  of  12,000  feet  above  sea-level  and  well  above  snow-liiie. 

Electric  generators  can  now  be  obtained  of  any  size  and  designed  to  run  at 
any  reasonable  speed  for  belting  or  direct  connection  to  engine  or  water  wheels. 
The  largest  generator  in  the  world  was  used  in  the  power  station  of  the 
Intramural  Electric  Railway  at  the  World's  Fair  in  Chicago.  It  is  2000  H.P., 
and  directly  connected  to  a  compound-condensing  engine,  running  at  75  revolu- 
tions. The  generator  is  substantially  the  same  as  the  motor,  and  both  can  be 
relied  upon  to  give  an  efficiency  of  from  90  to  95  per  cent. 

Electric-power  Transmission  and  Distribution. — The  cost  of  copper,  with 
any  fixed  loss,  power,  and  distance,  varies  inversely  as  the  square  of  the  voltage. 
Economy  of  copper  alone  requires  as  high  a  voltage  as  possible.  Cost  of  copper 
for  long  distances  is  the  largest  item  of  expense.  For  general  distribution, 
especially  underground,  convenience  of  insulation  and  handling  are  of  more  im- 
portance and  call  for  a  low  potential.  Ordinary  plants  are  supplied  with  current 
at  220  or  500  volts;  sometimes  voltages  of  1000  and  over  are  in  use — notably 
at  the  Poorman,  Oomstock,  Calumet  and  Hecla  mines.  When  bare  wires  are 
U8cd,  AS  for  haulage,  the  potential  is  limited  to  500  volts.  Direct-current 
«;enerAtors  are  confined,  by  difficulties  of  construction,  to  potentials  of  less  than 
500  volts.  The  distance  over  which  direct  current  can  be  economically  carried 
at  this  potential  is  about  4  miles.  Above  this  point  alternating  currents  are  used. 
Long-distanoe  Transmission, — ^The  power  of  Lauffen  Falls,  converted  into 
electricity,  was  transmitted  115  miles  to  the  Exposition .  at  Frankfort,  where  it 
operated  a  number  of  motors.  This  distance  is  beyond  the  limits  of  commercial 
success.    Distances  from  4  to  18  (and  even  20  miles)  are  in  full  operation. 
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Alternating  currents  are  desirable  on  account  of  the  ease  with  whieh  the 
electrical  pressure  can  be  changed  by  means  of  transformers,  without  moring^ 
parts;  the  high  potential  used  for  transmission  is  converted  into  low  pressure  for 
distribution.  Alternating  generators  are  wound  for  as  high  voltage  as  5000.  bm 
it  is  probably  better  to  limit  them  to  2500  volts.  This  potential  permits  of 
economical  transmission  to  a  distance  of  7  or  8  miles.  Above  that  distance 
step-up  and  step-down  transformers  are  used.  With  10,000  volts  a  limit  nf 
about  25  miles  is  attainable  for  practical  work.  Alternating-current  motors 
possess  nearly  the  same  propei*ties  as  those  built  for  direct  current.  They  bare 
the  advantage  of  being  commutatorless,  but  cannot  be  so  heavily  overloaded  as 
a  series-wound  direct-current  motor.  They  are  not  therefore  as  suitable  for 
railway  or  hoisting  service.  Direct  currents  can,  however,  be  readily  obtaioeil 
from  alternating  by  means  of  a  rotary  transformer,  which  is  a  oombioeil 
alternating  motor  and  direct-current  generator. 

Electi-ic  Haulage. — Above  ground  it  has  already  supplanted  animal  power, 
and  in  some  cases  steam.  For  underground  haulage,  ready  control,  compact- 
ness, and  freedom  from  smoke  I'ender  it  still  more  desirable,  and  in  many  cases 
electric  locomotives  are  used  in  mines.  The  electric  locomotive  occupies  no  more 
space  than  the  car.  With  other  methods  of  traction  greater  width  and  height  are 
required.  The  increased  speed  also  permits  a  larger  tonnage  to  be  taken  from 
the  same  outlet,  with  few  turnouts,  switches,  and  cars.  Gauge  of  track  need  na 
be  over  18  inches.  The  Belt  Line  tunnel  through  Baltimore  is  to  be  operated  by 
electric  locomotives,  weighing  00  tons,  speed  15  miles  per  hoar,  and  will  devel<>j> 
1500  H.P.  For  mining  haulage  large  sizes  are  not  required — from  10  to  1^> 
U.P.,  commonly  30  H.P.  A  50-H.P.  locomotive  has  been  constructed  and  no  part 
of  the  machine  is  wider  or  higher  than  the  wheels.  The  speed  under  load  varies 
from  6  to, 12  miles  per  hour. 

Electric  Hoists. — Electric  hoists  are  now  largely  in  use,  and  follow  as  neariy 
as  possible  the  methods  and  constructions  approved  for  steam- hoist.  The 
governing  mechanism  is  similar,  rheostats  replacing  the  steam  controlling  gear: 
the  brakes  and  clutches  are  the  same.  The  rotary  motion  of  the  motor  avoids 
the  use  of  connecting-rods  entirely.  If  it  is  desired  to  lower  by  power,  tbr 
current  can  be  admitted  to  the  reversed  motor.  For  small  hoists  used  in  wiuiBes 
and  in  timber-construction  work  electricity  is  well .  adapted,  the  power  connoo- 
tion  being  easily  and  quickly  changed.  Simplicity  of  the  application  of  electricity 
and  consequent  economy  are  exemplified  in  many  cases:  in  one,  electric  hoists  have 
been  in  continuous  operation  for  two  years,  with  a  total  cost  for  repairs  of  $2^1 

An  efficiency  of  50  per  cent  is  usually  obtained  between  the  power  taken  by 
the  motor  and  the  foot-pounds  hoisted. 

Electric  Pumping, — A  number  of  large  pumping  planta  are  now  in  operation 
equipped  with  electric  motors. 

Triplex  single-acting  and  duplex  and  triplex  double-acting  all  work  well,  kiA 
give  an  efficiency  of  over  70  per  cent  between  the  electric  power  taken  by  ibe 
motor  and  the  water  delivered  by  the  pumps.  If  the  lift  is  small  and  the  water 
contains  much  solid  matter,  centrifugal  pumps  may  be  used,  but  their  efficiency 
is  low. 

Electric  Air-compressors. — The  same  general  application  exists  as  for 
hydraulic  pumps.  A  decided  saving  of  power  can  be  effeeted  by  lo^in^ 
drill- compressors  near  to  the  drills,  and  thus  avoiding  losses  by  leakage  and 
shrinkage  in  the  pipes. 

Electric  Drilling, — Although  it  has  been  a  matter  of  great  difficulty  to  make 
an  electric  percussion-drill  which  would  stand  the  continual  abuse  and  hard 
usage  to  which  all  drills  are  subjected,  they  are  at  present  in  constant  and 
successful  operation.  With  care  in  designing  the  coils,  so  as  to  make  them  fire- 
proof and  rigid,  they  have  been  made  to  stand  the  strain.  The  drill  consists  of 
an  outer  iron  pipe  casing,  inside  of  and  attached  to  whiob  are  two  coils  and 
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ratchet  mechanism.  The  plunger,  equipped  with  the  ordinary  chuck  and  rifle- 
nut,  is  in  the  centra  of  the  coiU.  The  coils  are  supplied  with  current  alternacely, 
and  draw  the  plunger  up  and  down  at  a  speed  fixed  by  the  generator  which 
supplies  the  current.  Electric  diamond-drills  are  in  use  for  drilling  solid  holes 
and  for  removing  cores  for  prospecting  purposes.  For  prospecting,  both  above 
and  below  ground,  the  electric  drill  is  particularly  available,  as  it  is  eztramely 
light  and  compact,  and  temporary  wires  can  be  run  to  places  where  it  would  be 
difficult  to  carry  steam  pipes  or  boilers.  A  drill  driven  by  a  2f-H.P.  motor  will 
remove  a  If-inch  core,  and  can  drill  600  feet  deep  without  difBculty. 

Ventilation,^ln  order  to  obtain  the  best  results  from  fans  and  blowers,  it  is 
often  desirable  to  locate  them  at  the  most  distant  points  from  the  surface.  This 
is  done  more  easily  in  the  use  of  electricity  than  of  any  other  power,  and  the 
blowers  can  be  advanced  as  the  workings  are  pushed  deeper.  The  electric 
motor  is  especially  suited  for  high-speed  blowera,  which  are  efficient  and  occupy 
but  small  space.  Much  saving  in  piping  can  also  be  effected  by  using  higher 
velocities  and  forcing  air  out  from  the  inside  rather  than  sucking  it  from  the 
surface.  Fans  can  be  controlled  by  a  shutter  on  the  outlet  pipe,  or  the  speed  of 
the  motor  can  be  varied.    A  motor  of  small  H.P.  is  sufficient. 

Electric  Lighting. — It  has  been  found  that  much  more  can  be  got  from  men 
by  giving  them  better  illumination,  by  avoiding  the  use  of  oil  lamps  and  candles. 
The  air  is  left  purer,  and  both  time  and  power  are  saved,  by  the  use  of  electric 
lighting  in  doing  under  ground  work  which  otherwise  would  have  to  be  done 
on  the  surface. 

In  gaseous  mines,  where  maAy  explosions  have  resulted  from  the  reckless 
use  of  miners^  lamps,  electric  lighting  is  invaluable. 

Extracts  from  the  Journal  op  the  Military  Service  Institution.    By 

LT.  W.  L.  Simpson,  U.  8.  Army. 

A  project  for  a  deep  waterway  to  connect  the  great  lakes  with  tide-water  has 
of  late  been  somewhat  prominently  before  the  public,  and  that  it  may  at  no  dis^ 
tant  day  materialize  seems  probable. 

Many  years  ago  the  Erie  Canal  was  projected,  and  though  a  purely  Stato 
undertaking,  it  was  carried  to  completion.  Its  importance  out-side  the  State  of 
New  York  was  scarcely  recognized  in  the  days  of  its  inception,  and  its  most 
enthusiastic  advocates  underestimated  the  importance  of  the  part  it  was  to  play 
in  commercial  affairs. 

Notwithstanding  the  almost  endless  network  of  railroads  reaching  out  and 
gathering  in  the  immense  products  of  the  country  and  transporting  them  to  the 
great  commercial  centres  for  distribution,  the  conditions  are  far  from  satis- 
factory to  those  interested  in  the  production.  During  the  summer  of  189S 
when  wheat  was  quoted  in  New  York  from  80  to  85  cents  per  bushel,  a  Nebraska 
paper  quoted  wheat  at  40  cents.  This  is  a  startling  difference  in  this  day  and 
age  f '  be  due  to  cost  of  transportation  only,  and  the  financial  meaning  of  such 
ii  diii'erence  becomes  apparent  with  a  brief  comparison  of  shipping  stiitistics. 
The  immensity  of  the  shipping  of  the  Great  Lakes  is  scarcely  comprehended  by 
those  who  have  made  a  careful  study  of  the  subject.  One-eighth  of  the  entire 
commerce  of  the  United  States  passes  through  the  St.  Mary's  Falls  Canal.  The 
tonnage  that  passed  through  this  canal  in  1891  exceeded  by  over  2,000,000  tons 
the  entire  freight  of  all  the  nations  that  passed  through  the  Suez  Canal  during 
that  year. 

More  tonnage  passes  the  city  of  Detroit  than  any  other  point  in  the  world. 
In  1889  there  were  nearly  10,000,000  tons  more  than  the  total  entrances  and 
clearances  of  all  United  States  seaports,  and  nearly  8,000,000  tons  more  than 
the  aggregate  shipping  of  London  and  Liverpool,  and  this  latter  excess  increased 
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10,000,000  tons  daring  the  following  year.  A  great  portion  of  this  freight  is 
destined  for  eastern  marlcets,  and  gains  an  outlet  throngh  New  York  or  j£on- 
treal. 

The  writer  goes  on  to  show  the  inadequacy  of  the  present  means  of  trans- 
portation by  either  route;  and  then  continues  : 

It  is  not  a  matter  of  securing  deep-water  transportation  between  two  giren 
point  and  along  the  connecting  line  only,  but  also  and  primarily  of  seeming  the 
conditions  to  render  it  practicable  to  load  several  hundred  miles  nearer  the 
place  of  production  for  distant  points,  and  to  load  on  such  transport  Tebicles  m 
shall  reduce  the  actual  cost  of  transportation,  do  away  with  the  necessity  of 
breaking  bulk  or  transferring  in  transit,  and  establish  a  wholesome  eompetilion 
to  railroad  traffic. 

It  is  then  suggested  to  construct  a  deep  waterway  connecting  Lake  Ontario 
with  the  Hudson.  River,  and  another  connecting  Lake  Ontario  with  Lake  Erie, 
both  entirely  in  United  States  territory,  enabling  ships  to  load  at  Chicago  or 
Milwaukee,  or  at  any  other  lake  port,  not  only  for  our  Eastern  and  Southern  sea- 
ports, but  for  any  desired  foreign  port. 

Then  with  a  widening  and  deepening  of  the  Illinois  canal  [the  writer  of  this 
article  seemingly  is  ignorant  of  the  construction  of  the  Chicago  Drainage  Canal, 
now  well  on  the  way  to  completion,  and  described  elsewhere  in  this  book. — 
Author]  the  system  and  its  benefits  will  be  extended  to  the  Mississippi  River. 
The  passage  from  Lake  Erie  to  Lake  Huron  is  by  the  canal  throngh  the  St.  Clair 
Plats ;  the  passage  from  Lake  Huron  to  Lake  Michigan  is  easy. 

The  writer  then  discusses  the  great  importance  of  such  a  waterway  from  a 
military  standpoint. 

In  the  same  magazine  is  found  the  following  by  Lt.  Carl  Reichman,  U.  S. 
Army: 

Speaking  of  the  waters  enclosed  by  the  West  Indies  and  Central  America, 
he  says :  This  great  West  Indian  sea- basin  is  open  to  communication  with  the 
world  only  to  the  east,  i.e.,  towards  the  Atlantic  Ocean;  on  the  west  it  is 
encircled  by  the  high-rearing  isthmus  of  Central  America.  The  time,  however, 
is  not  far  remote  when  a  waterway  will  pierce  this  isthmus,  bringing  the 
Eastern  and  Western  hemispheres,  the  Atlantic  and  the  Pacific  Oceana,  in 
direct  and  rapid  communication.  There  can  be  no  doubt  that  the  Nicaragua 
Canal  will  raise  the  West  Indies  to  an  extraordinary  importance,  which  is  now 
beyond  calculation.  A  glance  at  the  ^lobe  suffices  to  show  that  America  occu- 
pies the  middle  of  the  earth's  surface,  its  face  towards  Europe,  its  back  towards 
Asia.  What  forcible  changes  tne  opening  of  the  Nicaragua  Canal  will  and  must 
produce  some  day  can  be  but  gnessed  at  now.  though  this  much  stands  beyond 
•cavil,  that  an  immeasurable  shifting  of  the  relative  commerce,  possessions,  and 
power  will  take  place.  From  its  completion  will  date  a  transformation  and 
revivification  of  the  great  economical,  political,  and  military  relations.  Becaxise 
this  is  the  straightest  and  the  easiest,  there  will  be  but  one  world  centre,  one  uni- 
versal path,  joining  the  Pacific  and  the  Atlantic.  Natural  superiority  is  assured 
the  possessor  of  the  Nicaragua  Canal.  When  we  follow  the  maritime  routes 
which  lead  from  Grey  Town,  the  eastern  exit  of  the  Nicaragua  Canal,  to 
the  coasts  of  the  territories  of  the  Union  bordering  on  the  Gulf,  and  to  the 
most  important  coast  lines,  i.e.,  where  the  chief  weight  of  the  United  States 
lies  and  the  continent  is  most  accessible,  we  find  that  these  rontes  favor  North 
America  to  a  high  degree. 

Two  oceans  have  been  united  by  the  Suez  Canal ;  at  no  remote  date  another 
continent  will  be  pierced,  and  the  middle  Atlantic  will  be  in  interoceanic  commn- 
nication  with  the  wide  Pacific.  Then  will  w'e  travel  westward  to  reach  East  India, 
and  every  space  of  land  and  every  square  metre  of  water  of  the  West  Indian  land 
and  water  territories  will  possess  commercial,  political,  and  military  importance 
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heretofore  nnsuspected.     Greater  battle  will  be  waged  in  America  for   the 
isthmian  canal  than  for  the  cut  at  Suez. 

The  Ilunoib  and  Missibsifpi  Canal. 

The  length  of  this  canal  is  77  miles,  of  which  50  miles  are  canal  ^nd  27  miles 
slack-water  navigation.  The  dimensions  of  the  canal  are  80  feet  wide  at  the 
water  level  and  7  feet  deep.  The  rise  to  the  summit  level  in  the  east  end  is  205 
feet  in  a  distance  of  20  miles,  and  requires  24  locks.  The  fall  to  the  Mississippi 
River  on  the  west  is  made  by  13  locks— a  total  of  87  locks.  There  is  one  guard- 
lock  at  the  mouth  of  the  feeder. 

The  guard- lock  consists  of  the  lock  proper,  a  culvert  about  150  feet  long  and 
10  feet  by  6  feet  by  9  inches  inside,  and  three  Taiutor  gates  closing  the  sluices. 
The  object  of  this  lock  is  to  regulate  the  admission  of  water  into  the  canal  from 
the  pool  above  the  dam  at  the  head  of  the  rapids.  The  sluices  and  gates  are  for 
ihe  purpose  of  passing  the  water  into  the  canal. 

All  lock  masonry  is  made  oi  concrete.  Three  brands  of  German  Portland  ce- 
rement were  used,* but  in  the  main  Alsen's  Yellow  Label  brand  was  employed, 
^9  per  cent  of  which  passed  a  2500-me8h  sieve,  and  87  per  cent  a 
10,000-mesh  sieve.  Th«  initial  set  of  this  cement  took  place  in  from  twenty-two 
to  thirty  minutes.  All  the  concrete  was  mixed  by  machinery,  and  from  five  to 
ten  barrels  of  cement  were -dumped  at  one  time  into  the  cement  box  to  insure  a 
better  mixing  of  the  cement  itself.  One  of  the  locks  requiring  8536  cubic 
yards  of  concrete  the  average  progress  was  66.2  cubic  yards  per  day  of  eight 
hours. 

The  mixer  had  a  capacity  of  4  cubic  feet,  and  was  run  by  a  15-H.P.  engine 
at  9  revolutions  per  minute.  The  sand,  pebbles,  and  broken  stone  were  dumped 
into  a  charging-box  of  45  cubic  feet  with  the  cement  and  water,  from  which  it 
was  dumped  into  the  mixer. 

Different  mixtures  of  concrete  were  used  for  the  facing  and  backing,  but 
they  were  laid  simultaneously.  The  backing  was  composed  of  1  part  cement,  2i 
parts  sand,  and  5  parts  of  broken  stone,  or  if  pebbles  were  used  they  took  the 
place  of  1  part  of  the  broken  stone.  For  the  facing  a  mortar  of  1  part  cement 
and  2  parts  sand  was  used.  The  facing  was  8  inches  thick,  and  a  coping  5 
inches  thick  was  also  made  of  the  same  mortar.  The  rule  followed  was  to  use 
US  much  water  in  the  concrete  as  was  possible,  and  yet  not  have  it  quake  under 
thorough  ramming.  To  insure  suflScient  moisture  to  the  concrete  during  its 
hardening,  12  x  12  inch  wells  were  left  at  points  along  the  centre  line  of  the 
wall  and  filled  with  water.  These  wells  were  afterwards  filled  with  concrete. 
The  total  amount  of  concrete  used  in  the  guard-lock,  sluices,  etc.,  was  3762 
<;ubic  yards,  and  the  cost  of  laying  it  was  as  follows : 

5246  bbls.  Portland  cement  @  $2.90  $15,603.82 

152    **     Utica             "      @,   0.548 83.60 

2901  cu.  yds.  broken  stone  @    0.589 1,709.15 

1970   **     "•     sand                 @    0.71   1,398,41 

128   **     "     pebbles            @,   0.881 113.30 

Lumber  for  forms  (or  moulds) 2,635.96 

Labor  building  forms,  ete 2,726.72 

Labor  mixing  and  placing  concrete 6,693.02 

Miscellaneous  bills 416.72 

Total $31,380.70 

The  cost  per  cubic  yard  was  $8.34.' 

The  amount  of  cement  used  per  cubic  yard  of  concrete  was  1.4  barrels.  It 
is  to  be  noted  that  this  included  the  mortar  facing  and  coping,  which  made  the 
proportion  of  cement  large. 
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For  lock  No.  36,  the  only  one  completed,  the  foundation  concrete,  except 
under  the  lower  gates,  consisted  of  1  part  Utica  cement,  1  part  sand,  and  3 
parts  of  screened  pebbles,  while  that  under  the  lower  gat^s  consisted  of  1  part 
Germania  Portland  cement,  2  parts  sand,  and  4^  parts  screened  pebbles.  The 
Utica  cement  cost,  delivered  at  Milan,  111.,  55  cents  per  barrel,  and  the  Germania 
$3.10  per  barrel.  The  contract  for  this  work  was  $5.00  per  cubic  yard,  the  Gov- 
ernment furnishing  the  cement.  Utica  cement  concrete,  consisting  of  1  part 
cement  and  3  part^  gravel,  was  used  for  lock  No.  37.  Here  the  Grovernnieut  did 
the  work  by  day  labSr,  and  the  mixing,  depositing,  and  ramming  cost  $1.00  |)er 
cubic  yard.  At  both  locks  the  material  was  hauled  upon  the  foundations  in 
wagons,  and  the  ingredients  mixed  by  hand  and  shovelled  directly  in  place.  The 
lock  walls  and  all  other  masonry  are  of  concrete.  The  lock  walls  are  4  feet  thick 
at  the  top,  and  are  vertical  on  the  chamber  side  and  with  a  batter  on  the  back. 

The  total  amount  of  concrete  used  in  lock  No.  36  was  2146  cubic  yards, 
1819.2  cubic  yards  of  which  were  in  the  main  walls.  This  amount  was  laid  at 
the  rate  of  86.6  cubic  yards  per  eight-hour  day. 

The  proportions  of  the  concrete  were  1  part  cement,  3  parts  gravel,  and  4 
parts  broken  stone,  and  the  cost  was  as  follows  : 

3010  bbls.  Portland  cement  ®  $3.09  $9,057.45 

1252  cu.  yds.  broken  stone    @    1.535 1,922.95 

851    **     **     gravel               @    0.78  664.17 

500   "     '*     sand                 @    1.777 888.61 

Lumber  for  forms,  etc 281.65 

Labor  for  building  forms 1,472.09 

Labor  mixing  and  depositing  concrete 3,897.19 

Miscellaneous  bills 253.36 

Total $18,437.47 

Cost  of  concrete  per  cubic  yard,  $8.60.  One  cubic  yard  concrete  required  1.4 
barrels  of  cement. 

The  distribution  of  cost  is  approximately  as  follows  : 

Cement,  45  per  cent ;  other  ingredients,  20  per  cent ;  lumber  and  iron,  8  per 
cent ;  carpenter  work,  9  per  cent ;  mixing  and  depositing  concret-e,  18  per  cent ; 
plant  and  miscellaneous  items,  5  per  cent.  The  average  cost  of  facing  in  place 
was  $16.00,  as  compared  with  $8.25  for  the  concrete  proper.  The  weight  per  cubic 
foot  of  concrete  was  148  pounds,  and  for  facing  133^  pounds,  as  determined  by 
weighing  6- inch  cubes.  The  percentage  of  water  absorbed  during  four  days'  im- 
mersion was  2i  per  cent  and  3.4  per  cent,  respectively. 

It  was  specified  for  locks  located  in  soft  ground  that  piles  capped  with  tim- 
ber and  concrete  grillage  should  be  used  in  the  foundations,  to  carry  the  weight 
of  the  concrete  walls  and  the  weight  of  water  necessary  to  fill  the  chamber.  To 
provide  against  the  pressure  of  a  possible  hydrostatic  head  tending  to  force  the 
floor  upwards,  the  foundations  and  the  rear  of  the  lock  walls  were  well  under- 
drained.     A  flooring  of  2-inch  plank  was  spiked  to  the  timbers  of  the  gnllajro. 

The  sluiceway  for  letting  the  water  into  the  canal  is  provided  with  thr  f 
Taintor  gates.  Each  of  those  gates  is  21  feet  wide  and  13  feet  high.  Their  up 
stream  faces  are  cylindrical,  the  radius  of  the  circle  being  12  feet  and  3  inches. 
This  work  is  done  under  the  directions  of  Col.  Marshall,  U.  S.  Army.  The  gates 
are  hoisted  by  means  of  a  hoisting  carriage  running  on  a  track  on  the  bridge 
extending  over  the  gates.  *  * 

Canadian  Canal  System.* 

This  system  will  give  the  Dominion  of  Canada  within  the  next  few  years  a 
waterway  14  feet  deep  and  2884  miles  long,  from  the  Atlantic  Ocean  to  the  bead 

.     »  '  ■     ■ • — 

*  Abstracted  from  Engineerinu  AVfc«.  March,  1896. 
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of  Lake  Superior.  Of  this  waterway  about  72  miles  will  be  artificial,  and  the 
remainder  the  natural  navigation  of  the  St.  Lawrence  River  and  the  Great 
Lakes. 

The  artificial  part  comprises  the  six  short  canals  along  the  St.  Lawrence  River, 
between  Montreal  and  Lake  Ontario,  known  as  the  St.  Lawrence  canals ;  the  Wei- 
land  Canal  connecting  Lake  Erie  with  Lake  Ontario  ;  and  the  Sault  Ste.  Marie 
Canal,  connecting  Lake  Huron  with  Lake  Superior.  The  six  short  canals  have 
lengths  in  order,  8i  +  11|  +  Hi  +  i  +  4  +  7t  =  4a|  miles  total.  The  number 
of  locks  vary  from  1  to  9,  of  which  there  are  27  in  all.  Length  of  each,  200 
feet ;  width,  45  feet ;  rise,  from  4  to  82i  feet ;  depth  on  sills,  9  feet.  The  dis- 
tances between  these  canals  vary  from  4i  to  22}  miles. 

The  old  Welland  Canal  was  27|  miles  in  length  ;  had  two  locks  200  feet  long: 
by  40  wide,  and  one  280  x  45  feet ;  remaining  24,  150  x  26i  feet ;  rise,  830  feet ; 
depth  on  sills,  10}  feet.  The  new  Welland  Canal,  as  remodelled  from  the  old 
one,  is  26|  miles  long,  and  has  25  locks,  each  270  x  45  feet ;  rise,  826}  feet ; 
depth  on  sills.  14  feet. 

The  Sault  Ste.  Marie  Canal  is  3500  feet  long ;  has  one  lock,  900  x  60  feet ; 
rise,  18  feet ;  depth  on  sills,  21  feet. 

The  locks  of  the  first  Welland  Canal  were  constructed  of  wood,  110  x  22 
feet,  8  feet  on  sills,  40  locks  in  all,  changed  as  first  indicated  and  subsequently 
enlarged. 

SAULT  STE.  MARIE  CANAL  LOCK  CONSTRUCTION. 

The  excavation  for  this  lock  was  in  red  a  Potsdam  sandstone,  with  layers  of 
shale  and  occasionally  of  sand.  After  removing  the  rock  to  the  proper  depth 
the  bottom  was  levelled  off  with  Portland  cement  concrete,  upon  which  the  ma- 
sonry was  laid.  There  were  70,000  cubic  yards  of  masonry.  The  facing  was 
of  Amherstburg  limestone  in  2-feet  courses;  mortar  used,  1  Portland  cement  to  1 
sand;  the  backing  of  Manitoulin  Island  limestone.  This  masonry  was  laid  at 
the  rate  of  10,000  cubic  yards  per  month. 

The  lock-chamber  is  filled  and  emptied  through  culveits  running  longitudi- 
nally under  the  fioor.  In  the  floor  of  the  lock  there  are  152  openings  or  orifices 
connecting  the  interior  of  the  filling  culverts  and  the  lock-chamber.  There  are 
four  of  these  culverts,  which  are  8x8  feet  inside  dimensions,  and  these  are  con- 
structed of  wood.  The  construction  is  as  follows:  Longitudinal  sills  12  x  15 
inches  are  bolted  to  the  bed-rock  with  bolts  6  feet  long  and  1}  inches  diameter, 
spaced  6  feet  apart.  Upon  the  longitudinal  sills  are  placed  12  x  12  inch  trans- 
verse timbers  6  inches  apart;  the  interstices  are  then  filled  with  Portland  cement 
moi*tar;  the  whole  covered  over  with  two  courses  of  plank  8  inches  and  2  inches 
in  thickness. 

The  walls  between  the  four  culverts  are  2  feet  thick,  built  up  of  timbers 
12  X  12  inches,  across  which  transverse  timbers  12  x  12  inches  are  placed  6 
inches  apart,  and  these  covered  with  two  courses  of  plank8  inches  and  2  inches  in 
thickness.  Through-bolts  are  built  into  the  walls,  gripping  bottom  sills  and  both 
sets  or  transverse  timbers.  These  filling  culverts  are  separated  from  the  empty- 
ing culverts  by  bulkheads  near  the  centre  of  the  length  of  the  lock. 

The  emptying  culverts  are  constructed  in  a  similar  manner,  but  have  inside 
dimensions  of  8  x  10^  feet. 

The  lock-gates  are  of  wood,  and  constructed  in  the  usual  manner.  There  are 
five  sets  of  gates,  a  lock  and  guard  gate  at  each  end,  and  an  extra  lock-gate  at 
the  lower  end. 

The  gates  and  valves  are  operated  by  electric  machines. 

The.  time  required  to  pass  a  vessel  is:  50  seconds  closing  lower  gates,  9  minutes 
filling  lock-chamber,  50  seconds  opening  valves,  and  50  seconds  opening  upper 
gates — Hi  minutes  in  all.    A  vessel  can  be  locked  down  in  10  minutes. 
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American  Types  of  Movable  Dams. 

<From  an  article  in  Engineering  Netvs,  Feb.  7, 1895,  by  Lieut.  Hiram  IL  Gbittea- 

den,  U.  8.  Army.) 

^*  The  conditions  to  be  fulfilled  by  a  successful  automatic  water-gate  have  been 
stated  to  be:  *  That  the  pressure  of  the  water,  standing  or  flowing,  shall  furnish 
the  power  by  which  the  dam  is  erected  or  removed;  and  *  that,  notwithstandiDg 
the  requisite  solidity  of  the  structure,  it  must  be  manageable  with  a  slight  water- 
power,  for  which  a  few  men  and  a  short  time  are  required.'  In  other  wordg, 
.  .  .  it  is  required  so  to  utilize  this  water-power  in  the  operation  of  the  gates  as 
to  dispense  with  the  plant  ordinarily  used  for  that  purpose." 

**  There  have  been  many  attempts  to  devise  a  gate  which  will  satisfy  these 
conditions;  as,  for  example,  the  Desfontaines  and  Ouvinot  drum  wick^s,  the 
Krantz  ponton  wicket,  the  Brunot  gate,  and  the  Petididier  countorpoise  gate. 
But  the  only  devices  which  as  yet  promise  a  satisfactory  solution  of  the  problem 
embody  in  direct  or  modified  form  the  principle  of  what  is  kuewn  as  the  Ameri- 
can bear-trap  gate. 

''  The  essential  features  of  this  gate  are  two  leaves,  built  acro«s  the  sluice 
which  the  gate  is  to  close,  and  fastened  by  horizontal  hinges  to  the  bottom  of 
the  sluice  at  right  angles  to  its  axis.  When  the  sluice  is  open  the  leaves  lie  in  a 
horizontal  position,  the  up-stream  leaf  overlapping  the  other  a  certain  portion  of 
its  length.  When  the  gate  is  up  and  the  sluice  is  closed  the  form  of  the  gate  i> 
that  of  a  triangle,  of  which  the  three  sides  are  the  two  leaves  and  the  bottom  of 
the  sluice  between  the  hinges,  and  of  which  the  apices  are  the  two  hinges  and 
the  point  where  the  leaves  abut  against  each  other.  The  space  within  the  tri- 
angle is  a  chamber,  which  is  filled  with,  or  emptied  of,  water  by  means  of  valves 
or  wickets  under  control  of  the  operator  of  the  gates. 

**The  operation  of  the  gate  is  extremely  simple.  To  raise  it,  the  outlet 
from  the  chamber  below  is  closed  and  the  inlet  above  is  opened.  Water  fills 
the  chamber  and  presses  against  the  lower  surfaces  of  the  leaves.  Since  the 
water  has  access  also  to  the  upper  surface  of  the  upper  leaf,  the  pressare  from 
below  upon  that  leaf  is  neutralized.  On  the  lower  leaf  there  is  no  such  connter- 
pressure,  and  the  pressure  on  the  lower  surface  therefore  tends  to  raise  the 
lower  leaf  and  also  the  upper  (or  overlapping  leaf)  which  rests  upon  it.  This  it 
will  do  in  a  properly  proportioned  structure,  and  will  carry  the  gate  to  a  height 
limitefl  only  by  the  dimensions  of  the  leaves. 

^*  To  lower  the  gate,  the  water  from  above  is  cut  off  and  the  lower  valves  are 
opened,  so  as  to  empty  the  chamber  in  the  pool  below.  The  sustaining  pressure 
on  the  lower  leaf  is  thus  withdrawn,  and  the  pressure  of  the  pool  above  is  thmm 
npon  the  upper  leaf.  This  pressure  forces  the  leaves  back  into  their  liorizontal 
position,  leaving  the  sluice  free  for  the  passage  of  water. 

**Two  conditions  are  necessary  for  the' successful  operation  of  the  old  bear- 
trap  dam.  First,  there  must  be  such  a  proportion  between  the  lengih  of  leaves 
and  the  distances  between  the  hinges  that,  when  the  gate  is  being  raised,  tberp 
shall  be  a  preponderance  of  the  upward  over  the  downward  hydraulic  forc^ 
acting  on  the  leaves  just  as  they  are  beginning  to  rise  from  a  horizontal  position, 
no  matter  how  small  the  initial  head  may  be;  second,  the  angle  between  the 
leaves  when  the  gate  is  at  its  full  height  must  be  such  as  not  to  prevent  tii<* 
leaves  from  moving  freely  upon  each  other  when  the  gate  starta  to  fail.  It  wmI 
be  observed  that  in  both  these  conditions  we  provide  only  for  the  ease  of  iniri  «1 
movement.  When  the  gate  is  once  under  way,  either  rising  or  falling,  the  pre- 
ponderance of  the  moving  over  the  retarding  forces  rapidly  iDcreases.**  Any 
system  oi  vnlves  which  will  satisfy  the  first  condition  will  satisfy  the  second  also. 

The  values  of  the  two  leaves  corresponding  to  the  maximum  head  obtainable 
are,  assuming  the  base  or  distance  between  the  lower  hinged  edges  of  the  leaves 
as  1  (unity) : 
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The  maximum  head  is 0.3320 

The  length  of  upper  leaf  is 0.5289 

The  length  of  lower  leaf  is 0.6831 

The  relative  lengths  of  the  two  leaves  may  vary  within  considerable  limits- 
without  sensibly  affecting  the  head  attainable. 

There  were  many  faults  and  defects  in  the  design  described.  The  gate  built 
on  what  is  known  as  the  **  Carro  system  "  was  an  improvement  by  doing  away 
with  the  overlap  of  the  up-stream  leaf,  and  consequent  sliding  friction  between 
the  leaves,  aud  in  hinging  the  leaves  at  the  apex  or  crest.  In  lowering,  this  up- 
stream leaf  slided  along  its  lower  extremity  until  both  leaves  lay  flat  in  the  same 
horizontal  plane;  a  sliding  strut  rested  on  it.  The  main  objection  to  tliia 
type  of  gate  arises  from  the  upper  leaf  having  to  slide  against  the  water- 
pressure. 

The  Parker  gate  retains  the  two  hinges  of  the  **  bear-trap,'^  the  Carro  hinge  at 
the  apex,  and  constructs  the  upper  leaf  in  two  sections  joined  by  a  fourth  hinge* 
The  upper  leaf  thus  folds  in  upon  itself,  so  that  when  the  gate  is  down  the 
order  of  superposition  is:  (1)  The  lower  section  of  the  upper  leaf;  (2)  the  upper 
section  of  the  upper  leaf ;  (3)  the  lower  leaf.  This  improvement  eliminates  all 
the  defects  of  the  bear-trap.  There  is  no  overlap  at  the  apex ;  the  head  obtain- 
able for  the  same  length  of  sluice  is  over  twice  as  great;  there  is  no  sliding  fric- 
tion; the  gate  can  never  be  brought  to  a  sudden  stop  when  it  approaches  its  full 
height,  but  comes  to  rest  gently;  the  leaves,  of  necessity,  rise  uniformly;  their 
shorter  length  greatly  diminishes  the  strain  upon  them  and  correspondingly  in- 
creases the  economy  of  construction.  In  the  angle  between  the  sections  of  th& 
upper  leaf  drift  is  liable  to  accumulate  and  prevent  the  complete  lowering  of  the 
gate.  To  avoid  this  an  open  leaf,  hinged  to  the  apex  of  the  gate  and  sliding  on 
the  bottom  of  the  sluice,  is  introduced.  As  this  leaf  plays  no  part  in  the  opera- 
tion of  the  gate,  but  acts  solely  to  fend  off  drift,  it  is  called  an  idler. 

^^  The  next  step  in  the  development  of  the  automatic  gate  is  what  is  known  as 
the  Lang  gate,  after  its  inventor.  It  undertakes  to  make  the  idler  an  essential 
part  of  the  gate.  It  replaces  the  upper  section  of  the  upper  leaf  by  chains  or 
rods,  and  the  idler  of  the  Parker  gate  by  a  solid  leaf  hinged  at  the  apex  and 
sliding  on  the  lower  section  of  the  lower  leaf.  It  is  thus  a  combination  of  the 
Carro  and  Parker  systems.  Of  this  latest  modification  it  cannot  be  said  that  it 
marks  any  advance.  The  reintroduction  of  sliding  friction  is  a  distinct  step 
backward;  ...  it  clearly  indicates  that  the  Lang  gate  is  inferior  to  the  Parker 
in  efficiency.  The  prinoipal  advantages  of  the  Lang  pattern  are  the  doing  away 
with  the  idler  of  the  Parker  gate,  and  the  increased  facility  of  access  to  the  gate 
chamber." 

The  author  of  the  above  article  recommends  the  substitution  of  some  form  of 
automatic  gate  for  the  old  and  common  type  of  lock-gates  for  canals. 

Just  at  present  the  Lang  gate  is  brought  into  prominence  by  the  ^act  that 
Mr.  Isham  Randolph,  Chief  Engineer  of  the  Chicago  Drainage  Canal,  contem- 
plates using  it  in  connection  with  this  work. 

Reclaiming  Zuider  Zee. 

There  are  about  750  square  miles  of  good  argillaceous  soil  to  be  reclaimed. 
The  work  is  expected  to  extend  over  a  period  of  thirty-three  years.  The  esti- 
mated cost  is  $78,750,000,  and  with  interest  compounded  $131,250,000.  It  is 
expected  that  this  land  will  be  sold  for  the  sum  of  $135,000,000. 

The  work  of  reclamation  requires  the  construction  of  a  dam  twenty-five  miles 
iu  length,  requiring  nine  years  for  its  completion.  The  foundation  of  the  dam 
will  consist  of  willow  branches,  loaded  down  with  earth,  sand,  mud,  and  stone. 
The  embankment  will  be  216  feet  wide  at  the  bottom,  17.8  feet  high  above  sea- 
level.  Oak  piles  will  also  be  used  to  afford  greater  protection.  The  highest  part 
of  the  bank  will  be  only  f^  feet  wide  on  the  sea  side,  but  on  the  southern  side- 
will  be  a  plateau  56  feet  wide. 
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West  Side  Trunk  Sewer,  Rochester,  N.  Y. 

The  main  trunk  of  this  sewer  is  17,700  feet  in  length,  and  has  lateral 
extensions  aggregating  13,000  feet.  The  trunk  sewer  at  the  beginning  is  5  feet 
in  diameter  (egg-shaped),  and  increases  to  6,  6i,  8,  8i,  9,  and  9^  at  the  outlet. 
The  minimum  grade  is  1  in  500  for  about  one  third  its  length;  the  remaioiug 
two  thirds  has  grades  of  1  in  150  and  1  in  200.  There  are  1980  feet  of  9i-fooi 
tunnel.  The  sizes  pass  from  the  egg-shaped  to  circular  and  thence  to  the 
horse-shoe  cross-section.  The  outer  shell  is  concrete  rubble  masonry  to  a 
point  1  foot  above  spring  of  arch,  lined  and  arched  with  brick.  The  invert 
has  one  and  two  rings  of  brick  imbedded  in  concrete  to  the  bed-rock.  This 
one-sided  rock  excavation  is  one  of  the  peculiarities  of  the  work,  and  is  made 
available  to  lessen  the  cost  of  the  mason-work  lining.  The  smaller  sizes  have 
a  two-ring  brick  arch  and  invert,  except  in  rock,  where  there  is  a  1-ring  invert. 
The  6i^,  feet  circular  and  egg-shaped  sewer  and  all  the  larger  sizes  have  con- 
crete foundations  resting  on  1-inch  boards  when  not  in  rock.  These  have  three 
rings  in  the  arch,  except  on  rock,  where  only  one  ring  is  invert  In  solid-rock 
tunnel  there  is  no  lining  except  one  ring  of  brick  on  the  invert  resting  on  a  thin 
layer  of  concrete.  For  some  distance  from  the  outlet  the  sewer  traverses  a  deep 
ravine  with  precipitous  sides  from  10  to  98  feet  in  height.  The  fall  is  so  great 
in  this  ravine,  in  places  1  in  23,  that  five  drops  from  6  to  18  feet  each  have  been 
■designed  and  one  shaft  112  feet  deep.  The  drops  are  constructed  with  a  curve, 
which  is  a  parabola  reversed  in  a  circle  to  connect  with  the  lower  section.  The 
112-foot  shaft  is  provided  with  an  8-foot  sump.  This  shaft  is  only  intended  for 
temporary  use. 

Table  XCVII. 

cost  or  laying  water-mains  in  washington,  d,  c. 


Number  Lineal 
Feet. 

CoBt  per  Foot  in  Cents. 

Size  in  Inches. 

Material. 

Labor. 

TotaL 

3 

4 

6 

12 

8,017 

8,671 

51,908 

6,473 

26.42 

29.57 

51.42 

108.10 

21.84 
20.10 
28.22 
33.26 

48.26 

40.67 

74.64 

141.36 

The  figures  do  not  include  cost  of  relaying  pavements,  which  ranged  from 
6.29  cents  per  lineal  foot  for  trap-rock  to  54.41  cents  for  sheet  asphalt^  and  as 
much  as  60  cents  for  block  asphalt.  Relaying  brick  cost  from  6.86  to  about  9 
cents,  cobble  from  9  to  10  cents,  and  macadam  some  16  cents  per  lineal  foot 
The  diameter  of  the  pipe  had  little  to  do  with  the  cost  of  relaying  pavements. 

WENTWOUTH  AVENUE  SEWER,   CHICAGO, 

now  under  construction,  is  lOi^  feet  in  diameter,  circular  in  cross-section, 
and  built  with  four  concentric  rings  of  brickwork.  The  depth  of  cutting  re- 
quired varies  from  20  to  47  feet.  The  work  of  excavation,  driving  supporting 
piles  on  each  side,  building  brickwork,  and  refilling  over  the  completed  culvert 
are  carried  on  simultaneously.  Steam  shovels,  pile-driver,  and  earth-conveyors 
are  used.  There  is  nothing  especially  novel  in  these  machines  except  the  con- 
veyor. The  excavation  is  carried  on  in  two  lifts.  The  foremost  steam-shovel 
excavates  to  a  depth  of  from  25  to  30  feet  above  the  bottom  of  the  sewer-leveL 
This  material  is  emptied  in  cars  alongside  and  carried  away.  It  is  not  used  in 
the  rofilliug.  Following  this  is  the  pile-driver,  which  drives  two  rows  of  piles 
16 i  feet  apart.  The  piles  in  each  row  are  spaced  about  3  feet  centres.  The 
piles  are  from  20  to  30  feet  in  length,  ajre  sawed  off,  and  capped.  The  second 
steam-shovel  is  carried  on  these,  and  excavates  to  the  full  depth  required  for 
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the  sewer  two  or  three  feet  below  its  intended  bottom.  The  material  excavated 
l>y  this  shovel  is  dumped  on  a  platform  constituting  a  part  of  the  conveyor 
frame.  Upon  this  slides  a  series  of  scrapers  attached  to  two  endless  chains 
which  pass  over  a  pair  of  sprocket-wheels  at  the  ends  of  the  conveyor  frame. 
The  material  dumped  on  the  platform  is  carried  along  on  the  scrapers.  At  the 
rear  end  of  the  conveyor  the  material  falls  on  a  cross-conveyor,  which  dumps  it 
into  the  trench  over  the  completed  sewer.  The  conveyor  chains  are  operated 
from  a  power-car.  The  contractors  for  this  work  are  Wilson  &  Jackson.  The 
design  of  the  conveyor  is  due  to  Mr.  Jackson,  and  it  performs  its  work  in  a  very 
satisfactory  manner.  The  work  is  done  under  the  direction  of  Mr.  A.  W.  Oooke, 
Cliiof  Engineer,  Department  of  Sewera,  and  under  the  direct  charge  of  Mr.  N.  D. 
Pound,  Assistant  Engineer. 

New  Maas  Jetties. 

The  north  jetty  is  6560  feet  in  leijgth,  south  jetty  7550  feet.  These  begin 
at  high  dikes  8  feet  8  inches  above  mean  high  water,  and  descend  in  an  easy 
curve  to  3  feet  3  inches  above  low  water.    The  tidal  range  is  5  feet  7  inches. 

The  jetties  are  of  mattress  of  fascine  work  covered  with  stone,  one  half  ton 
per  cubic  yard  of  fascine  work.  The  top  is  curved  to  20  inches  and  paved  with 
stone  in  large  blocks.  Fascines  4  to  6  inches  diameter,  placed  36  to  40  inches 
-centres,  laid  crosswise,  form  the  bottom  layer;  over  this  a  layer  of  fascines  at  right 
angles,  and  spaced  86  inches  centres.  These  longitudinal  fascines  are  as  long  as 
practicable,  and  are  spliced  by  short  fascines  or  by  interlocking  for  5  or  6  feet  at 
ends.  The  crossing  joints  are  bound  with  withes  on  the  outside  and  at  alternate 
inside  joints  with  tarred  rope.  This  grillage  is  then  covered  over  with  loose  lay- 
ers or  bundles  of  osier  willow  covering  the  longitudinal  fascines.  A  second  layer 
is  then  placed  crosswise,  and  over  it  another  longitudinal  layer,  forming  the  upper 
grillage,  and  over  this  another  filling  layer.  An  upper  cross  layer  of  fascines  is 
then  laid  so  that  their  intersections  with  the  longitudinal  fascines  are  vertically 
over  those  of  the  lower  grillage.  These  intersections  are  bound  with  the  same 
cords,  so  that  the  filling  is  compressed  as  tightly  as  possible  between  the  grillages. 
The  other  intersections  are  bound  with  withes.  The  three  layers  form  a  mattress 
16  to  24  inches  in  thickness.  Hurdle-work  on  top  holds  the  ballast  in  place.  A 
mattress  contains  not  less  than  480  square  feet.  The  largest  were  50  feet  in 
breadth  and  490  to  590  feet  in  length.  Above  low  water  the  fascines  are  placed 
separately  by  hand  and  loaded  with  stone. 

The  jetties  are  consolidated  by  oak  piles,  80  to  40  feet  in  length,  driven 
through  all  layers  and  into  the  bottom.  The  fore-shore  berms  and  slopes  sur- 
rounding the  pier-head  are  furtiier  secured  by  three  rows  of  oak  piles  framed 
together.  As  soon  as  a  portion  of  the  jetty  was  completed  above  low  tide  ballast 
stone  was  thrown  in  upon  the  base,  berms,  and  sides  to  an  amount  of  56  to  64 
tons  per  lineal  yard  of  jetty.  No  stone  less  than  110  pounds  in  weight  was  used; 
jibove  low  water  they  were  carefully  laid  and  packed  with  smaller  stones,  spawls, 
and  quarry  refuse.  Stones  of  one  half  to  one  ton  were  placed  around  fore-shore 
berni  of  the  pier-head.  No  artificial  stone  was  used.  Heaviest  natural  stones 
bandied  were  H  ton^. 

Success  is  due  to  keeping  the  jetties  low  enough  to  nPriw  storm  waves  of  high 
tides  to  go  over  thera,  and  the  protection  of  the  more  exposed  slopes  by  flat 
stones  of  good  dimensions  placed  over  each  other  like  shingles  on  a  roof,  the 
lines  of  shingles  being  normal  to  the  direction  of  the  sea  as  it  strikes  the  slopes 
of  the  jetties.  The  w^idth  of  tidal  stream  is  2960  feet  at  the  sea  end  of  the  jetties, 
and  gradually  decreasing  at  the  other  end  to  740  feet. 

The  cost  of  the  whole  improvement  was  (2,500,000;  annual  cost  of  mainteu- 
i'uiee,  $7200. 

Duty  of  Water  for  Irrigation. 

Tlie  dn^v  of  water  is  that  quantity  required  to  irrigate  a  certain  area  of  land. 
It  is  usually  oxpie.ssed  by  stating  the  number  of  acres  that  a  continuous  flow  of 
one  cubic  foot  per  second  will  irrigate.     Thus,  if  a  stream  discharging  40  cu.  ft. 
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of  water  per  Beoond  is  expended  in  irrigating  8000  acres  of  laud,  tben  its  duty  is. 
equivalent  to  200  acres,  i.e.,  each  cubic  foot  per  second  irrigates  200  acres. 
The  duty  varies  from  85  to  2200  acres  per  cubic  foot  per  second.  Sometimes 
the  duty  is  defined  as  the  average  depth  of  water  over  the  whole  land,  and  again 
as  the  number  of  cubio  yards  per  acre. 

The  average  duty  in  India  is  200  acres,  and  in  the  United  States  not  over 
100  acres. 

For  a  wheat  crop  in  India,  which  is  grown  in  the  cold  season,  four  waterings 
are  quite  sufficient,  and  few  other  crops  require  more — notably  rice  and  sugar- 
cane, which  are  sometimes  irrigated  as  often  as  12  times.  In  the  month  of 
December  and  February  1  cubic  foot  of  water  per  second  will  irrigate  4.57  acres 
of  rough  uncleaned  ground  previous  to  ploughing,  5.64  acres  of  a  well-cleaned  and 
level  field  of  young  wheat.  A  safe  mean  in  India  is  5  acres  in  24  hours  to  be 
watered  by  1  cubic  foot  per  second.  In  general  the  soil  is  light.  Watering  at 
intervals  of  50  days  gives  5  x  50  =  250  acres.  This  water  ruus  more  than  300 
miles  from  head  of  canal  to  field  watered;  20  per  cent  is  deducted  for  filtration, 
evaporation,  etc.,  en  route.  Of  these  260  acres  18  per  cent  is  rice,  18  per  cent 
sugar-cane,  each  requiring  much  water;  60  per  cent  wheat  and  barley,  and  the 
remainder  of  inferior  crops. 

The  rainfall  is  principally  in  June,  July,  and  August,  and  is  about  40  inches 
a  year.  In  Madras  6000  cubic  yards  of  water  are  usually  given  to  irrigate  an 
acre  of  rico,  equivalent  to  a  depth  of  3.7  inches.  "Wheat  in  a  dry  season  requires 
five  waterings— one  to  prepare  the  land  for  ploughing — 10,500  cubic  feet,  and  four 
for  the  standing  crop  of  8000  cubic  feet,  or  in  all  42,500  cubic  feet.  This  gives  an 
average  depth  of  less  than  1  foot  over  the  entire  area. 

The  Heuares  Canal  in  Spain  gives  12  waterings,  each  916  cubic  yard,  or  an 
average  depth  of  each  watering  0.57  foot,  or  6.8  feet  for  the  twelve. 

In  Colorado  the  expenditure  of  water  for  a  single  irrigation  is  generally 
reckoned  at  about  12  inches  in  depth,  and  the  number  of  irrigations  from  three 
to  four,  or  in  all  36  to  48  inches  in  depth. 

The  machines  used  to  measure  water  in  irrigation  canals  are  genemlly  known 
as  modules  or  meters.  The  principal  objects  to  be  sought  are:  (1)  that  they 
should  deliver  a  constant  quantity  of  water  with  a  varying  depth  or  head  of 
water  in  the  supply  channel;  (2)  that  they  should  expend  very  little  head  in 
delivering  the  constant  quantity;  (3)  that  it  should  be  so  free  from  friction  as 
not  to  be  easily  deranged,  and  that  sand  or  silt  in  the  water  will  not  affect  its 
working;  (4)  that  it  should  be  cheap,  and  so  simple  in  construction  that  any 
ordinary  mechanic  should  be  able  to  make  or  repair  one. 

The  common  forms  are  like  weire,  either  discharging  under  a  small  but  con- 
stant pressure,  or  the  common  knife-edge  iron  weir  with  overflow. 

Subways  for  Rapid  Transit. 

In  London,  even  along  the  busy  streets,  unless  great  depths  necessitated 
tunnelling,  the  subways  for  rapid-transit  traffic  were  constructed  by  the  cut-and- 
cover  system.  The  cross-sections  of  the  completed  tunnels  are  25  or  more  feof* 
according  to  the  number  of  tracks,  and  height  from  16  to  20  or  more  feetw 
The  side  walls  of  these  tunnels  are  in  many  cases  of  concrete,  while  the  arch- 
ring  is  of  brick  masonry.  At  the  crown  the  thickness  varies  from  5  rings,  about 
22  inches,  to  as  much  as  2  feet  7i  inches.  The  concrete  side  walls  are  4  feet  3 
inches  thick,  and  11  feet  7i  inches  to  springing-line.  For  the  largest  arches  the 
arch-ring  increases  to  as  much  as  12  rings  at  the  skew-back.  The  method  of  con- 
struction is  to  build  a  timber  platform  of  sufficient  strength  to  carry  the  traffic 
across  the  street.  As  the  rail  is  generally  below  the  base  of  the  house  walls,  these 
are  underpinned;  then  trenches  are  dug  along  the  curb-lines,  in  which  the  side 
walls  are  built.  Between  these  and  from  under  the  timber  platforms  enough 
earth  is  excavated  and  removed  to  enable  the  roof  arch  to  be  construct«L 
Afterwards  the  remaining  material  or  core  is  removed  and  the  invert  laid,  and 
finally  the  street  surface  is  restored  to  its  original  condition. 
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The  Lobnttz  Rock-cutters  on  the  Danube. 
(See  Eng,  Kews,  Dec.  20,  1894.) 

As  now  used  for  the  removal  of  the  Iron  Gates  of  the  River  Danube,  this 
machine  has  one  instead  of  ten  cutting  bars,  as  the  rapid  current  and  local  con- 
ditions make  one  cotter  of  great  weight  more  efficient  than  a  battery  of  cutters 
of  various  weights.  The  barge  now  in  use  is  100  feet  long,  25  feet  wide,  and 
7  feet  deep,  with  a  draught  of  3  feet.  The  boiler  is  placed  near  the  stern,  and 
near  it  are  the  manoeuvring  winches  for  moving  the  boat.  Near  the  centre  is 
a  tripod  for  handling  the  cutter.  ^  This  latter  may  be  worked  through  a  square 
well,  forward  of  the  centre  of  the  boat,  or  may  be  swung  over  the  bow  of  the 
boat  by  tilting  the  tripod  forward. 

The  action  of  the  cutter  is  that  of  a  pile-driver,  the  cutter  replacing  the 
falling  monkey.  The  cutter  is  made  of  wrought  iron  or  mild  steel.  It  is  80 
feet  long  and  is  square  in  section,  the  dimensions  being  7  inches  square  at  top, 
increasing  to  13  inches  square  10  feet  from  the  point,  and  diminishing  again  to 
11  inches  square  at  the  lower  end.  For  a  length  of  4  feet  from  the  bottom  a 
hard  steel  core,  11  inches  by  4  inches,  is  welded  in  along  the  centre  line  of  the 
bar,  with  the  point  chisel-shaped,  and  the  sides  rounded  off  to  9  inches  radius. 
The  cutter  point  is  hardened  by  heating  to  a  cherry-red  and  plunging  it  into 
water.  This  steel  blade,  being  protected  on  two  sides  by  wrought  iron,  can  be 
used  up  to  the  last  few  inches  without  breaking,  and  always  keeps  sharp.'  It 
weighs  8i  tons. 

The  boat  is  advanced  after  20  inches  in  width  of  the  rock  has  been  broken 
away  by  the  falling  chisel,  but  the  varying  hardness  of  the  rock  prevents  any 
accurate  estimate  of  work  accomplished. 

The  cutter  is  dropped  about  16 J  feet,  at  a  rate  varying  from  50  to  100  blows 
per  hour.  The  average  amount  of  rock  removed  per  blow  is  2  cubic  feet.  The 
rock  is  very  hard,  and  is  always  broken  sufficiently  small  to  be  removed  by 
dredging. 

The  drilling  of  bore-holes  for  blasting  operations  is  carried  out  on  two  plans — 
the  Ingersoll-^rgeant  and  the  Fontane  systems.  The  first  is  a  scow  which  can 
be  lifted  from  the  water  by  four  legs  resting  on  the  bottom  and  connected  with 
hydraulic  jacks  fed  by  a  Worthington  pump.  Along  the  side  of  this  scow  are 
ranged  4  Ingersoll  stream-drills  supplied  by  a  boiler  on  the  scow.  In  the  Fontane 
system  the  drills  are  mounted  on  a  platform  resting  upon  two  barges.  The 
author  says,  that  while  there  has  been  trouble  with  the  Ingersoll  system,  it  has 
on  the  whole  given  satisfaction;  the  Fontane  barges  are  too  light  for  the  work 
to  be  done,  and  the  system  is  not  yet  looked  upon  with  satisfaction. 

The  quantity  of  work  executed  up  to  the  end  of  the  year  1893  is  given  in  tha 
following  table: 

Class  of  Work.  Cubic  Metrei.       ^ZS^\''L\. 

Blasting  under  water  (with  67,586  cubic 

metres  removed) 122,758  77.77 

Blasting  at  the  Iron  Gate 807,223  90.60 

Stone  deposited 345,978  68.63 

Various  stone  depositing 133,065  .   20,05 

Square  Metres. 

Stone  revetment 9,150 

Facing  up  dams 56,340 

Adhesion  op  Cement  Mortar  to  Brick. 


.  •  •  • 


•  •  • 


The  following  table  shows  the  results  of  experiments  made  by  M.  F^lix  de 
Walques.  (See  EngineeHng,  Nov.  16,  1894,  and  EngmeeHng  News,  Jan.  10^ 
1895.) 
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The  bricks  were  aottked  in  water  before  being  cemented  together,  and  were 
tested  at  the  ages  of  3,  4,  8i,  IS,  and  44  days.  The  results  given  at  the  ages  ^ 
2  and  4  days  were  very  irregular,  and  also  in  a  lesser  degree  at  8^  days.  Each 
experiment  was  repeated  four  times,  and  the  mean  result  is  given  in  the  table, 
n-hioh  does  not  include  the  3-  and  4-day  testa.  It  will  be  noticed  that  the  smooth- 
'  pressed  bricks  gave  better  hold  to  the  mortar  than  the  rougher  varieties. 
All  results  are  given  in  pounds  per  square  inch. 

TABU!  xcviir. 


Whitakeb  Portland  Oemeht  Co. 
The  manufacturers  of  Portland  cement  in  this  country  add,  as  a  rule,  a  cer- 
tain amount  of  limestone  to  the  natural  rock  before  burning.  The  Coplay,  Pa., 
rock  does  not  contain  a  sufficient  proportion  of  lime  to  make  Portland  cement 
which  will  meet  the  requirements  of  the  present  day,  though  formerly  it  was  ob- 
tained from  the  natural  rock.  Tbe  quarries  of  the  WhitakerOementCo.,  Eastoii, 
Pa.,  supply  an  argillaceous  limestone,  practically  free  from  magnmia,  and  ooq- 
taining  the  right  proportion  of  lime  for  a  triple.ai1icate  Portland  cement.  The 
following  table  shows  the  average  analysis  of  the  material,  which  is  very  UDifonn, 
in  ditFerent  parts  of  the  quarry: 

FbtCboL 

Silica 14.44 

Alumina  and  sesquioxide  of  iron 5.01 

Carbonate  of  lime 7S.17 

Carbonate  of  magnesia 77 

A  full  description  of  the  operations  of  cmsbing,  grinding,  burning,  etc.,  can 
be  found  in  Engineering  News,  Jan.  10,  1895,  from  which  the  forgoing  and 
follon'ing  facts  are  abstracted: 

The  omruny  guarantees  that  TO  per  cent  of  the  finished  product  will  psss 
throiiLxli  a,  No,  200  sieve  (40,000  holes  per  square  inch).  The  average  qnijitj  of 
tbe  pi'oiliict  is  so  uniform  that  it  is  seldom  necessary  lo  mix  the  oontents  of  the 
storage  bins  in  order  to  produce  a  cement  meeting  special  requirements. 
Samples  of  the  cement  and  powdered  rock  are  taken  daily. 
Brit^uettes  of  neat  cement  show  an  average  tensile  strength  of  8SS  ponnds  per 
square  inch  in  7  days,  8TS  pounds  in  28  days,  and  B18  pounds  in  6  mouths. 
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Briquettes  of  1  cement  and  3  sand  show  an  average  of  101  pounds  in  7  days, 
295  pounds  in  28  days,  and  343  pounds  in  6  months. 

The  cement  is  guaranteed  to  show  in  7  days  (1  in  air  and  6  in  water)  a  mini- 
mum tensile  strain  of  400  pounds  per  square  inch  for  neat  briquettes,  and  125 
pounds  for  briquettes  of  1  cement  to  3  sand,  standard  crnshed  quartz  being  used. 
Boiling  tests  are  also  made,  as  a  matter  of  safety,  to  see  if  there  is  any  excess  of 
free  lime. 

The  analyses  of  the  finished  product  average  as  follows: 

Per  Cent. 

Silica 21.70 

Alumina  and  sesquioxide  of  iron 8.88 

Lime 63.27 

Magnesia 55 

The  works  have  a  capacity  of  400  barrels  per  day,  or  an  average  of  100  bar- 
rels from  each  of  the  four  kilns. 

The  cement,  which  is  known  as  the  Alpha  Portland  cement,  is  largely  used  in 
buildings  and  architectural  works,  for  floors  and  pavements,  etc. 

In  this  connection  the  following  results  of  tests  made  by  Messrs.  Hazlehurst  & 
Huchel  to  determine  the  relative  cost  of  Bosendale  and  Portland  cement,  with  a 
view  of  using  the  cheapest  in  building  the  Odd  Fellows'  Temple,  Philadelphia, 
Pa.,  are  tabulated. 

Tensile  strength  is  given  in  pounds  per  square  inch,  and  is  the  average  of  five 
briquettes  of  1  square  inch  cross-section. 

Age- 
Days. 

7 

14 

21 

28 


Portland   Cement. 
]  to  8                 1  to  4 
River  Sand. 

Roaendale  Cement. 
Itol                lto9* 
Bar  Sand. 

160                  105 

90                  45 

200                 135 

109                 56 

230                 146 

131                  78 

231                 165 

145               101 

The  Bosendale  was  from  one  of  the  largest  and  most  reliable  manufacturers 
in  Utica  County,  N.  Y.,  and  the  Portland  was  manufactured  at  Ooplay,  Pa.  The 
Portland  was  selected  as  the  cheapest  of  the  two. 

Contraction  and  Expansion  op  Masonry. 

As  there  is  but  little  information  available  as  regards  the  effects  on  masonry 
of  contraction  and  expansion,  the  following  fact«  given  in  Engineering  News^ 
Oct.  18,  1894,  will  be  interesting.  A  masonry  dam  460  feet  in  length  arched 
with  a  radius  420  feet  in  length  on  the  side  exposed  to  the  sun  moved  to  and  fro 
i  inch  in  the  course  of  the  year,  on  the  other  side  only  i  inch,  the  crest  expand- 
ing j^  of  its  length,  or  f  inch. 

The  Temperature, — No  harm  may  be  caused  in  a  dam  thus  arched  by  such 
movements,  as  a  curved  dam  can  readily  adjust  itself  to  them  without  cracking, 
but  not  so  with  a  straight  dam,  and  serious  injury  may  result.  Taking  Adie's  co- 
efficient of  contraction  and  reduction  in  temperature  of  10^  C,  the  contraction 
will  be  Tir^7  o^  ^^^  length.  The  modulus  of  elasticity  for  stone  varies  between 
1,400,000  and  2,800,000  pounds  per  square  inch,  while  that  of  mortar,  according 
to  Hartig,  is  higher,  and  if  the  temperature  is  lowered  lO""  C,  and  the  masonry 
is  not  free  to  contract,  a  tension  varying  from  140  to  280  pounds  per  square 
inch  may  set  up,  which  is  greater  than  mortar  can  stand,  resulting  in  cracks  or 
fissures. 

The  great  length  of  dams  as  compared  with  their  thickness  and  the  high 
compressive  strength  of  building  materials  will  prevent  fracture  from  expansion, 
the  dam  forming  a  compressed  beam. 
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Many  dams  have  developed  cracks  in  cold  weather.  In  a  dam  1346  feet  in. 
length,  100  feet  in  height,  with  a  temperature  I'anging  from  — 10**  C.  to— 20'  C, 
seven  vertical  cracks  appeared,  about  100  feet  apart,  widest  at  top,  and  vanishing 
87  feet  below  normal  water-level,  the  water  surface  being  at  the  time  10  feet  8 
inches  below  normal.  The  aggregate  breadth  of  these  cracks  was  2f  inches;  they 
either  wholly  or  in  great  part  closed  as  the  temperature  increased. 

A  long  quay  wall  at  Bremen  showed  cracks  from  i  to  )  inch  in  winter,  clos- 
ing to  fine  hair-cracks  during  summer. 

A  concrete  coping  285.66  feet  in  length,  divided  into  four  straight  reaches 
connected  by  curves  with  radii  of  20  feet,  on  top  of  a  reservoir  wall  showed  15 
cracks  extending  across  the  wall  at  irregular  intervals.  These  cracks  were  from 
^  to  A  inch  each,  and  they  were  attributed  to  contraction  from  change  of  tem- 
perature.   The  cement  used  was  American  Portland,  Atlas  Brand. 

Tunnels. 

baltimore  and  ohio  railway  tunnel,  harper's  ferry. 

This  tunnel  is  for  a  double  track.  Its  length  is  812  feet,  28  feet  in  width  at 
springing,  which  is  10  feet  6  inches  above  subgrade,  with  semicircular  arch  of 
14  feet  radius.  A  top  heading  was  excavated  8  x  25  feet,  the  full  top  section  of 
the  tunnel,  and  it  was  kept  15  feet  in  advance  of  the  bench.  No  timbering  was 
required.  Rate  of  progress  at  east  end  18  feet  and  at  west  end  19  feet  per  week. 
The  total  amount  of  excavation  was  50,000  cubic  yards,  which  made  into  an  em- 
bankment showed  an  increase  in  volume  of  80  per  cent. 

TUNNEL,   COLORADO  MIDLAND  RAILWAY. 

This  tutfnel,  recently  completed,  is  9894.7  feet  in  length,  for  single  track, 
with  cross-section  15  feet  in  width  and  21  feet  in  height.  The  amount  of  exca- 
vation per  lineal  foot  was  10.19  cubic  yards,  and  where  enlarged  for  timl»nDg 
13.79  cubic  yards.  The  lining  was  similar  to  that  shown  in  Fig.  292,  except  that 
the  vertical  posts  were  in  sets  of  three,  8  inches  apart  in  each  set,  and  18  inches 
between  the  sets.  Sills,  posts,  and  arch  segments  were  12  x  12incbes,  and  lagging 
4x6  inches  on  outside  of  posts,  6x6  inches  over  arch  segments.  It  was  nece:^- 
sary  to  double  the  lining  in  some  places. 

The  heading  was  7  feet  high  and  full  width  of  tunnel.  In  driving  the  head- 
ing two  sets  of  holes  were  drilled.  The  first  set  of  eight  holes  was  drilled  in  two 
rows  from  top  to  bottom.  These  holes  were  2  feet  apart  on  the  face  of  the  head- 
ing and  converged  towards  the  axis  of  the  tunnel,  depth  of  holes,  12  feet,  so 
that  the  action  of  the  blast  was  to  drive  out  a  V-shaped  opening  in  the  rock. 
The  holes  of  the  second  set  were  drilled  at  the  sides  and  parallel  to  the  axis  of 
the  tunnel,  by  means  of  which  the  remaining  rock  was  blown  into  the  V-shaped 
opening.  The  bench  below  was  excavated  in  a  similar  manner.  Progress  was  as. 
follows : 

Driving  the  heading 1,118  days. 

Average  daily  progress,  two  headings 8.4  feet 

Greatest  progress,  1  month 837,0      *' 

Average  daily  progress  1  month,  31  days 10.87    " 

Greatest  progress,  1  month,  one  end,  28  days 202.6     " 

Average 7.23    " 

Greatest  monthly  progress  on  bench 218.00    " 

Daily  average  on  bench 7.79    " 

The  material  tunnelled  through  was  gray  granite.  Owing  to  disintegration  on 
exposure,  fissures,  faults,  etc.,  and  large  cavities  filled  with  liquid  sand,  much 
trouble  and  inconvenience  were  experienced,  and  about  78  per  cent  had  to  be  tim- 
bered. 

The  elevation  of  grade  at  the  east  end  of  tunnel  was  10,810.72  feet  above  sea-levd 
and  at  west  end  10,943.18  feet.    The  grade  was  continuous  and  ascending  from 
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«ast  to  west  through  the  132.86  feet  difference  of  level  at  a  uniform  rate  of  1.41 
per  cent. 

Good  ventilation  was  easily  maintained  owing  to  the  continuous  ascent  and 
great  difference  of  level  between  tl^e  two  ends. 

Machinery  employed  at  the  west  end  :  Three  100-H.P.  boilers,  two  20  x  24- 
inch  IngersoU  compressors  ;  one  20  x  24  inch  Norwalk  compressors ;  one  20-H.P. 
engine  used  to  drive  a  No.  6  Baker  blower,  forcing  fresh  air  into  the  tunnel 
through  14-inch  pipes  ;  one  No.  7  and  one  No.  9  Cameron  pump,  and  a  Dean  Du- 
plex pump,  with  14-inch  steam  cylinders,  10-inch  water  cylinders,  and  10-inch 
stroke.    These  were  required  as  the  water  followed  the  excavation  from  this  end. 

At  the  east  end  :  Three  80-H.P.  boilers,  two  20  x  24  inch  Ingersoll  compres- 
sors, and  a  10  and  20  H.P.  engine,  driving  dynamos  and  blower.  No  pumps  for 
water  were  required,  as  there  was  good  natural  drainage  at  this  end.  Four  Si- 
inch  Ingersoll  eclipse  drills  were  used  in  each  heading,  and  two  on  the  bench, 
that  is,  6  in  all  at  each  end.  A  small  traction  engine  was  constructed  to  run  on  a 
track  with  20-inch  gauge,  and  used  to  haul  the  material.  Using  coke  for  fuel  in 
these  engines  no  inconvenience  was  caused  to  the  men  in  the  tunnel.  Estimate 
of  cost : 

9,893.66  lin.  ft.  @  |62.60 $587,108.75 

Enlargement  for  timbering  82,575  cu.  yds.  ®  $2.50      81,487.50 

Cost  of  timber 81,600.00 

Cost  of  labor  on  timbering,  2,723,000  ft.  B.  M. 
@  $12 82,676.00 

Total $782,817.25 

PRAINAOB-WORKS  OF  THE  ONTARIO  SILVER  MINE,   UTAH. 

(See  Engineering  News,  Nov.  29,  1894.) 

The  clear  section  of  the  tunnel  is  6'  8''  high,  4'  6"  wide  at  the  top,  and  6'  6''  to 
6'  at  the  bottom.  The  floor  of  the  tram  track  is  of  3"  plank,  resting  on  6"  x  10" 
sills.  Gauge  of  track  18  inches.  The  drainage  channel  for  the  water  has  an 
average  width  of  5i  feet  in  the  clear  and  an  average  of  li  feet  deep  below  the 
floor  of  the  tramway.  A  timber  bent  consisted  of  the  sill,  two  batter  posts,  and 
the  cap,  all  10"  x  12"  or  12"  x  12".  The  section  made  for  timbering  usually  aver- 
•aged  11  feet  in  height  and  9  feet  wide,  a  good  layer  of  lagging  being  placed  be- 
hind the  posts,  and  poling-boards  driven  over  the  caps.  While  this  was  the 
43tandard  bent,  no  set  rules  could  be  followed,  and  the  method  of  timbering 
was  varied  to  suit  the  material  excavated.  In  some  places  where  the  pressure 
•overhead  was  particularly  great  the  roof  was  torn  down  so  as  to  put  in  a  second 
bent  on  the  top  of  the  first,  using  an  inverted  V  bent,  with  the  feet  of  the  batter 
posts  on  the  cap  of  the  first  bent.  The  distance  apart  of  the  bents  was  usu^ly 
4  to  5  feet,  with  bracing  between  them.  In  soft  materials  the  timbering  was 
kept  close  up  to  the  face  and  8  feet  by  8  x  6  inches  poling-boards  were  driven 
over  the  caps  of  each  forward  bent  and  driven  forward  with  an  inclination  up- 
ward so  as  to  hold  up  the  roof  until  the  next  bent  could  be  placed. 

Immense  quantities  of  water  were  encountered,  which,  rushing  in  from  fis- 
sures in  the  rock,  flooded  the  tunnel  and  caused  much  damage  to  the  lining.  One 
body  of  water  was  tapped,  discharging  18,000  gallons  per  minute.  After  waiting 
for  five  weeks  for  this  to  exhaust  itself,  rubber  suits — costing  $13  each  —were  pur- 
chased. Dressed  in  these  the  men  waded  in  against  the  strong  current  and 
raised  the  track  18  inches,  to  get  it  above  the  water.  All  this  caused  a  delay 
of  70  days.  Side  drifts  curving  out  from  the  main  tunnel  kept  about  50  feet 
from  it,  and  returning  into  it  well  to  the  front,  were  driven.  These  served  to 
divert  the  flow  of  water  from  the  main  tunnel.  It  was  found  that  wood  was  the 
poorest  backing  that  could  be  placed  behind  the  lagging  and  over  the  poling- 
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boards,  but  old  clothes,  sacks,  and  similar  materials  answered  the  parpoee  ad- 
mirably, as  they  caused  puddling  of  the  material,  were  elastic,  and  gare  the 
ground  room  to  swell.  The  enormous  pressure  on  some  of  the  timbers  reduced 
them  from  12"  to  4"  in  thickness. 

**  Swelling  ground  "  sometimes  forced  the  timbers  in  from  all  sides,  leaving  an 
opening  not  Targe  enough  to  crawl  through.  There  were  not  only  torrents  of 
water  and  falling  rocks  to  be  watched  for,  but  timbers  were  cracking  with  a  great 
noise  as  the  swelling  ground  gradually  forced  them  in.  With  iJl  the  dangers  en- 
countered in  the  six  years  of  work,  but  one  man  was  killed  while  working  in  the 
tunnel.  For  this  excellent  record  much  credit  is  due  to  Mr.  John  H.  Eeetly,  the 
superintendent  of  construction.  Ample  boiler  capacity  and  engine  power  weiv 
provided.  A  No.  6  Boot  blower  (run  at  150  revolutions  per  minute)  was  used  as 
an  exhaustion  to  suck  foul  air  out  of  the  tunnel  after  blasts,  through  a  20-inch 
pipe  made  of  No.  6  galvanized  sheet  iron.  A  No.  4  Burleigh  and  a  14  x  33  inch 
Kand  air-compressor  were  used. 

The  compressed  air  was  conveyed  into  the  tunnel  through  a  6-inch  kalsomined 
pipe.  This  supplied  fresh  air  to  the  men  after  use  in  the  drills.  In  drilling  at 
the  face  a  horizontal  bar  was  used,  extending  across  the  tunnel  and  wedged  at 
the  ends,  with  two  3i-inch  IngersoU  drills  mounted  on  it.  The  blasting  was. 
done  in  sections,  beginning  at  the  bottom,  and  was  all  done  by  fuse,  as  battery 
blasting  gave  too  much  shock  and  did  not  suit  the  work.  For  each  blast  8  to  1( 
holes  1^  inches  in  diameter  were  drilled  3  to  5  feet  deep,  and  each  was  loaded 
with  H  to  5  sticks  of  dynamite,  making  a  total  charge  of  40  to  60  poands.  Some 
rock  was  so  extremely  hard  that  steel  would  stand  but  a  few  minutes,  and  20 
feet  per  week  was  good  progress. 

Eight  men  constituted  a  shift  at  the  face,  four  at  the  drills,  and  foor  muckers^ 
who  loaded  the  tram-cars  and  also  took  them  out  to  the  dump.  These  cars  held 
20  cubic  feet  each  (1500  to  1700  lbs.),  and  were  made  into  trains  of  10  to  15  cars, 
which  were  hauled  by  one  mule.  Other  gangs  did  the  timbering,  laid  the  tracks, 
etc.  Altogether  it  took  30  to  50  men  to  keep  the  work  going  day  and  night.  In 
good  ground  10  to  15  feet  per  day  was  the  average  progress,  but  for  weeks  at  & 
time  no  headway  whatever  was  made.  Four  single  delays  aggregated  286  days. 
The  total  stoppage  and  delays  were  about  li  years.  The  greatest  progress  in  any 
one  month  was  430  feet.  The  greatest  in  one  day,  21  feet.  The  time  from  com- 
mencement to  completion  was  6  years,  8  months,  and  12  days.  The  line  of  the 
tunnel  was  located  by  triangulation,  but  the  centre  line  was  run  over  to  insure  its 
correct  alignment.  The  total  amount  expended  up  to  December  81,  1893,  was 
$384,064,  or  an  average  of  $27.75  per  lineal  foot.  Total  distance  then  completed, 
13,840  lineal  feet.  The  total  cost  will  probably  be  $425,000.  The  average  floir 
of  water  during  the  time  of  cojistruction  was  from  6600  to  8000  gallons  per 
minute. 

Street  Railways. 

The  following  facts  and  tables  are  taken  from  Engineering,  Jan.  4, 1895. 
Beginning  with  a  single  line,  constructed  in  New  York  about  1850,  American 

Table  XCIX. 
ratio  or  btregt-railwat  mileage  to  the  population  of  seven  ajcsrican 

CrriES,  IN  THE  TEAR  1893. 

Name  Of  City.                                             Population.  g-J!  '^S'pS^SSiSS" 

Seattle 60,000  102  1  to     588 

Denver 100,000  278  1*'     720 

San  Francisco 297,000  244  1  **  1,221 

Boston 446,500  279  1  "  1,600 

Baltimore 434,100  222  1  **  1,955 

Chicago 1,098.500  513  1  "  2,141 

New  York 1,513,500  294  1  •*  5,180 
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Street  railroads  show  a  practically  uobroken  record  of  financial  success.  Only 
six  or  eight  lines  were  built  prior  to  1855,  about  80  in  the  next  five  years,  over 
80  in  the  succeeding  decade,  and  so  on  in  rapidly  increasing  ratio. 

To  the  cotiiparative  small  mileage  of  street  railways  of  New  York  should 
really  be  added  the  great  system  of  elevated  railways,  which  run  over  more  than 
50  miles  of  its  principal  thoroughfares,  carrying  more  than  221  million  passengers 
annually. 

Table  C. 

ratio  of  street-railway  mileage  to  the  population  of  five  english  cities^ 

IN  THE  YfeAR  1891. 

Name  of  City.  Population.  Tnunway.  "*^**'- 

Northampton 70.872              6.0  *  1  to  11,812 

Blackburn 120,064             8.5  1  "  14,125 

Leeds 867,566            23.0  1  ''  15,978 

Liverpool 517,980            61.5  1  '*    8,422 

London 5,633,806  250.0  1  *'  22,523 

In  1878  the  Hallidie  cable  system  was  first  introduced  in  San  Francisco,  and 
its  pre-eminent  value  where  heavy  grades  had  to  be  encountered  was  fully 
demonstrated.  Within  the  next  twelve  years  important  lines  in  San  Francisco, 
Chicago,  New  York,  and  Philadelphia  were  equipped  with  cable-traction  plant. 

In  1883  the  first  electric  line  actually  doing  business  was  opened  at  the  Chi- 
cago Exposition,  and  at  the  close  of  1889  the  entire  success  of  the  electric  system 
had  been  demonstrated  beyond  question. 

The  following  table  shows  some  estimates  of  cost  and  efficiency : 

COMPARISON  OF  COST  AND  EFFICIENCY  OF  CABLE  AND  ELECTRIC  STREET-CAR  LINES. 

£  S 

Cost  per  track  mile  of  cable  aud  conduit. .  10,000  to  30,000  48,400  to  145,200 
"      **      **        **     *'  electrical  conductors  600**    2,000  2,420"      9,680 
"       "      **        **     '*  complete  cable  equip- 
ment   18,000  **  50,000  87,120  **  242.000 

"      **      **      ***     **  complete     electrical 

.equipment 1,500**    7,000  7,260**    88,880 

Efficieocy.  Cable.  Electric. 

Aver&ge  effective  horse-power  applied  to  axle  of  each  car 

on  the  line 3  to    5  4  to    5 

Average  indicated  horse-power  at  engine  per  car  on  the  / 

line 4**10  6  **  15 

Friction  load  in  per  cent  of  total  load 50  **  65  40  **  60 

Coal  consumption  per  car,  mile  pounds 5  **    8  5  **  10 

The  path  to  the  introduction  of  electric  traction  in  America  was  undoubtedly 
smoothed  by  the  valuable  results  attained  by  the  cable  system.  Formerly, 
bitter  contention  existed  between  the  adherents  of  the  two  systems.  It  may  bo 
fairly  said  to-day  that  they  do  not  compete,  and  that  each  has  found  its  peculiur 
and  appropriate  place. 

For  great  and  constant  passenger  traffic,  at  stilted  speeds,  in  broad  and 
straight  thoroughfares,  and  where  the  conditions  are  such  as  to  induce  the  in- 
vestment of  large  capital  upon  ordinary  commercial  t^rms,  the  cable  system  has. 
no  equal,  and  the  same  is  true  where  long  and  steep  gradients  are  encountered. 
In  Chicago,  New  York,  and  San  Francisco  the  cable  system  is  at  its  best. 

In  smaller  towns,  where  the  traffic  is  not  so  great,  where  curves  and  branches 
are  of  constant  occurrence,  where  suburban  routes  are  in  question,  or  where  the 
cost  of  road-bed  and  power-plant  must  be  kept  within  reasonable  bounds,  the 
electric  system  found  a  field  that  the  cable  system  could  never  satisfactorily  fill. 

The  following  is  abstracted  from  the  Engineering  Magazine  : 
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**The  finest  example  of  modem  electric  street-railway  engineeriog,  in  this 
country,  or  in  the  world  for  that  matter,  is  undoubtedly  that  of  the  Philadelphia 
Traction  Company. 

The  company  operates  119  miles  single-track  road  by  electricity,  34  miles  by 
cable,  and  25  by  horse-power,  and  an  extension  is  contemplated  to  a  loud  of 
800  miles  operated  by  electricity. 

There  are  four  power-houses,  with  a  capacity  of  11,550  H.P.  and  nltimate  of 
19,800  H.P.  The  ©quipment  of  one  power-station  is  as  follows:  Five  Westing- 
house  vertical  compound  engines,  each  coupled  directly  to  Westinghonse  4-poie 
generators  of  600  H.P.  each.  To  these  are  to  be  shortly  added  four  immense 
railway  generators,  1500  H.P.  capacity  each,  driven  direct  by  Wetherill-Corliss 
twin-tandem  compound  engines  of  equivalent  capacity.  These  generators  weigh, 
exclusive  of  shaft,  130,000  pounds,  make  80  revolutions  per  minute,  and  give  2:250 
amperes  at  500  volts.  Length  of  each  detached  section  of  trolley  wire  varies  from 
1000  to  4000  feet.  From  3  to  5  feeder  connections  are  made  with  each  section. 
A  complete  system  of  return  feeders  is  installed  in  the  conduits  and  connected 
with  the  rails  at  every  manhole.  One  of  the  longest  is  16,000  feet-^  having  a 
cross-section  of  700,000  circular  mils.  The  return  feeders  are  of  twisted  tinned 
copper,  1«000,000  circular  mils  in  cross-section.  There  are  52  miles  of  return- 
feeder  cable.  The  conduits  are  of  tough  iron  shell,  lined  with  concrete  to  about 
8  in.  in  diameter,  laid  in  bunches  with  about  3  in.  of  concrete  between  them,  and 
2  feet  below  the  surface.  Manholes  are  from  200  to  500  feet  apart.  Length  of 
single  conduit  aggregates  800  miles.  Street  poles  are  of  wrought-iron  tubing,  28 
feet  in  length,  of  varying  thicknesses,  and  set  5i  feet  deep  in  concrete  ;  there  are 
15,000  poles  in  use.  The  trolley  wires  are  of  No.  0  hard-drawn  copper;  guard- 
wires  of  No.  6  silicon-bronze  wire,  supported  18  inches  above  trolley  wire  and  8 
feet  apart.  The  track  joints  are  lace-bonded  with  No.  0  tinned  copper  wire, 
fastened  with  channel-pins  and  cross- bonded  every  50  to  90  feet.  The  joint  next 
to  manholes  is  tied  to  return  feeder. 

There  are  400  cars  in  use,  and  these  will  be  doubled  in  the  near  future.  The 
average  round-trip  speed  is  12  miles  per  hour ;  each  car  travels  130  miles  per 
day.  The  station  pressure  is  515  volts;  average  current  per  car  IQ  amperes,  or  an 
equiv.ilent  of  7  H.P. 

ELEVATED  RAILWAYS  IN  CmES. 

The  elevated  railway  has  become  an  important  and  almost  necessary  mode  of 
rapid  transit  in  large  cities.  It  may  be  defined  as  a  special  design  of  iron  viaduct 
Adapted  to  construction  along  streets,  with  a  minimum  obstruction  to  the  use  of 
streets  for  ordinary  wheel  traffic.  It  consists  essentially  of  vertical  steel  columns, 
two  to  each  bent,  these  columns  being  set  along  the  curb-lines,  one  on  each  side 
of  the  street,  the  bents  being  placed  from  40  to  100  feet  centres.  Strong  cross- 
girders,  commonly  solid-built  beams,  span  the  street  and  rest  on  the  columns. 
Longitudinal  stringers  are  supported  by  these  transverse  girders  ;  for  a  double- 
track  railway  there  are  four  stringers,  or  in  general  two  stringers  for  each  traek. 
The  stringers  vary  in  length  from  40  to  100  ft.,  and  may  be  either  solid-built 
beams,  or  open  lattice-work  of  angle-irons  riveted  together.  The  clear  height 
above  the  street-level  is  regulated  by  law — commonly  from  18  to  20  feet.  Cross- 
ties  are  placed  over  the  stringers,  and  to  these  the  rails  are  spiked.  The  only 
lateral  bracing  permitted  is  l^tween  the  stringers,  as  the  spaces  between  the 
columns  both  transversely  and  longitudinally  must  be  unobstructed  and  open  for 
the  passage  of  vehicles.  The  cross-girders  and  columns  are  connected  by 
stiffening  brackets  or  arched  knees,  and  the  stringers  and  columns  are  connected 
by  short  diaironal  struts,  giving  additional  transverse  and  longitudinal  stiffness. 
In  very  wide  streets  the  columns  may  be  near  the  centre  line,  leaving 
passage  way  on  both  sides  as  well  as  beneath  the  structure.      The  girdeE8» 


RAILS  FOU  STREET  RAILWAYS.  1609 

-columns,  and  stringers  are  usually  of  steel.  The  oonstniction  in  all  respects 
is  similar  to  that  of  any  iron  trestle.  The  columns  usually  rest  on  oon- 
«rete  or  masonry  pedestals,  the  upper  surfaces  of  which  are  kept  a  little  below 
the  street  surface.  The  area  of  base  required  is  determined  in  the  usual  manner, 
depending  upon  the  total  load  on  each  column  and  the  character  of  the  material 
forming  the  foundation-bed.  In  Chicago  a  pit  is  excavated  from  8  to  10  ft.  iu 
depth  and  8  to  10  ft.  square.  In  this  is  placed  a  layer  of  concrete  H  to  2  ft.  in 
thickness,  a  similar  layer  of  less  area  on  the  bottom  one,  and  so  on  in  smaller 
la}'ers  until  near  the  street  surface,  the  offsets  on  the  layers  being  regulated  so 
that  the  area  of  the  top  surface  will  be  from  4  to  5  ft.  square,  and  upon  this 
the  column  rests,  and  is  anchored  by  2  or  4  bolts  built  into  the  concrete  mass. 
The  concrete  is  composed  commonly  of  1  Portland  cement  (Empire  brand),  3 
sand,  and  6  broken  stone. 

As  seen  in  a  report  in  the  Engineering  News  of  Oct.  18,  1894,  made  by  Mr. 
Parsons  on  the  subways  for  rapid  transit  in  European  countries,  the  following 
conclusions  were  reached : 

(1)  That  an  underground  railway  operated  by  steam,  even  with  the  most  ap- 
proved system  of  mechanical  ventilation,  would  be  intolerable  to  the  people  of 
New  York. 

(2)  That  a  railway  with  a  steady  and  frequent  service  can  be  operated  suc- 
cessfully and  economically  by  electricity. 

(8)  That  an  underground  railway  operated  by  electricity  has  a  comfortable 
atmosphere,  and  that  it  can  be  arranged  so  as  to  avoid  great  changes  in  temper- 
ature. 

(4)  The  advice  and  experience  of  foreign  engineers  lean  toward  keeping  the 
rail  as  close  to  the  surface  as  possible,  and  that  excavating  from  the  surface 
is  cheaper  and  safer  than  tunneling;  but 

(5)  If  the  conditions  demand,  a  deep  tunnel  can  be  constructed,  for  which 
the  circular  form  is  best. 

(6)  That  an  underground  road  can  be  so  designed  as  to  be  attractive  in  ap- 
pearance. 

(7)  That  the  work  can  be  carried  on  through  a  busy  street  without  endanger- 
ing the  houses  and  without  seriously  impeding  travel. 

BROADWAY  CABLE  ROAD,  N.  Y.  CriY. 

The  cables  are  1^  inches  in  diameter.  Those  on  the  lower  section  are  4  miles 
long.  At  a  speed  of  C  miles  an  hour  and  40  seconds  headway,  as  many  as  60  cars 
may  sometimes  be  hauled  at  one  time.  A  l}-inch  cable  would  doubtless  have 
been  strong  enough,  cheaper,  and  lighter,  but  would  have  stretched  50  per  cent 
more  under  varying  loads,  giving  a  more  irregular  motion  to  the  oars  and  in- 
creasing the  travel  of  the  tension  weights  and  the  wear  on  the  cable  drivers. 
The  large  cables  weigh  40  tons  each. 

TYPES  OP  RAILS  FOR  STREET-RAILWAY  TRACKS. 

(Extracts  from  a  report  of  a  committee  of  experts.) 

Fi>rt  Huron^  Mich, — All  street-car  tracks  are  laid  with  a  45-lb.  rail,  ordinary 
section,  laid  on  a  5-in.  by  5-in.  longitudinal  stringer  resting  on  ties  spaced  3  feet 
centres.  The  space  on  the  outside  of  the  rail  between  head  and  flange  is  filled 
with  an  2-in.  by  2-in.  pine  strip  against  which  the  pavement  is  laid,  the  top  flush 
with  the  top  of  the  rail.  On  the  inner  side  of  the  rail  the  space  is  filled  with  a 
2-iri.  by  2-in.  oak  strip,  set  about  1  inch  below  the  top  of  the  rail,  against  which 
tlie  pavement  is  laid,  and  crowning  to  the  centre  between  the  rails  to  the  level  of 
the  tops  of  the  rail.  When  laid  concurrently  vith  new  pavements  no  obstruction 
is  caused  to  the  free  use  of  vehicles. 
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Detroit f  Mich. — The  77i-lb.  grooved  rail  has  been  laid  in  parts  on  several  ave- 
nue^,  in  conjunction  with  the  paving  of  these  streets  and  avenues  with  asphalt, 
brick,  granite  and  cedar  blocks,  and  without  special  care  to  fit  the  paving  close 
against  the  web  of  the  rail.  The  pavement  is  laid  close  against  the  head  or  thresid 
of  the  rail,  and  enclosed  space  filled  with  cement  grouting.  The  rail  is  6^  inche> 
in  height  and  4  inches  wide,  laid  on  tie-plates  spiked  to  white  oak  ties,  which  are 
laid  about  3  feet  centres.  The  rail  is  connected  every  8  feet  with  cross-rods  1  in. 
by  H  in.  in  cross-section,  to  preserve  the  gauge  of  the  track,  which  is  very  impor* 
tant  with  this  section  of  rail.  Little  obstruction  is  offered  to  the  free  use  of  the 
streets  for  vehicles. 

Toledo,  0. — The  rails  used  in  this  city  for  street-car  lines  are  the  common  flat- 
top rail  with  a  train  li  inches  wide.  The  pavement  is  generally  laid  even  with  the 
top  of  the  rail,  which  forms  a  groove  on  the  tram  of  the  rail  li  inches  wide  and 
1  inch  deep,  which  makes  it  very  objectionable  for  public  traffic. 

Columbus,  0, — All  the  street  car  tracks  in  this  city  are  laid  with  the  flat-top 
rail  with  narrow  tram,  except  a  short  piece  of  grooved  girder-rail  9  inches  in 
height  and  weighing  90  lbs.  per  yard.  The  flat-top  rail  generally  in  use  is  a  gir- 
der section,  weighing  46  lbs.  per  yard,  laid  on  chairs  to  elevate  the  rail  above  the 
pavement  foundation.  This  section  is  too  lieht  to  stand  up  under  electric-motor 
cars,  and  is  being  replaced  by  a  70-lb.  rail  of  the  same  section,  except  that  it  is 
6i  inches  deep.  An  ordinance  has  recently  been  passed  by  the  city  council  au- 
thorizing the  use  of  a  T  rail,  the  space  on  the  outside  of  the  rail  to  be  par&l 
closely  with  paving  brick, 

Springfield^  0.— In  this  city  all  the  street-car  lines  are  laid  with  the  T  rail, 
except  a  few  blocks  of  the  old  flat  rail  originally  constructed  for  horse-car  lines. 
The  ordinary  railway  section  is  used,  weighing  50  lbs.  per  yard.  One  street 
which  is  now  being  paved  simultaneously  with  the  laying  of  the  car  track  is  to 
have  the  electric- welded  T  rail  known  as  the  Johnson  Street  Railway  T  rail 
weighing  62  lbs.  per  yard.  The  rail  tracks  are  laid  in  either  the  paved  or  dirt 
streets.  When  laid  in  brick  pavements  the  bricks  are  laid  close  to  the  head  of  the 
rail  on  the  outside  of  the  track  and  level  with  the  top  of  the  rail.  Between  the 
rails  they  are  i  inch  below  the  top  of  the  rail  and  crown  to  the  centre  of  the 
track  level  with  the  top  of  the  rail.  On  dirt  and  gravel  streets  the  spaoe  between 
the  rails  and  along  the  outside  of  the  rails  is  filled  with  dirt  and  gravel,  the  same 
as  the  rest  of  the  street.    There  is  no  obstruction  to  traffic. 

Chicago^  lll.—A\\  the  street-car  tracks  in  this  city  are  laid  with  the  girder- 
rail  5  to  6  inches  high,  with  a  3-inch  wheel  tram.  This  width  of  train  is  adopted 
to  prevent  the  wheels  of  heavily  loaded  wagons  from  cutting  a  rut  along  the  in- 
side of  the  rail.  These  rails  are  laid  on  cross-ties,  longitudinal  stringers,  or  cast- 
iron  yokes  when  used  in  the  cable  tracks.  The  committee  reported  that  only  two 
sections  of  rails  should  be  permitted  in  our  wide-paved  streets,  namely,  the  street - 
railway  T  rail  and  the  full-grooved  or  English -groove  girder- rail.  The  T  rail 
should  not  be  less  than  60  to  70  lbs.  per  yard,  5}  inches  high,  with  the  pavini;: 
brick  or  blocks  shaped  to  fit  close  to  the  web  of  the  rail  and  i  inch  below  the  to}> 
of  the  rail  on  the  inside,  and  level  with  the  top  of  the  rail  on  the  outside.  If 
the  grooved  rail  is  used  it  should  weigh  not  less  than  70  to  80  lbs.  per  yard,  and 
the  paving  should  be  fltted  close  around  the  head  and  web  of  the  rail. 

The  following  is  taken  from  Engineering  News  of  Oct.  25,  1894,  and  selected 
from  a  list  of  26  cities  using  the  T  rail.  Modern  street-railway  construction  and 
street  paving  imply  a  broken-stone,  concrete,  pr  other  solid  foundation,  a  high 
girder  or  T  rail,  and  a  brick,  asphalt,  or  granite  surface  to  the  streets  in  the  buger 
cities,  and  cedar  blocks,  cobble,  or  macadam  in  the  smaller  ones. 

Asphalt  or  macadam  can  be  paved  as  easily  to  a  T  rail  as  to  any  other.  They 
should  be  laid  flush,  and  room  should  be  made  for  the  flange  by  running  a  rail- 
way freight  car  over  the  track,  or  by  some  similar  apparatus,  before  it  is  opened 
lor  traffic.  Whether  it  is  more  expensive  to  chip  the  corners  of  granite  or  medioii 
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blocks,  or  to  leave  them  intact  a  short  distance  from  the  head  of  the  rail  and  to 
fill  the  space  thus  made  with  asphalt,  creosoted  wood,  or  concrete,  is  open  to 
question ;  but  in  either  case  a  first-class  job  can  be  made. 
The  following  table  needs  no  explanation  : 


Tablb  01. 


Height  of  BiUl. 


ai-inchrail 

li  to  9  inch  rail 


6 


8}  to  6 


6 

4 


ti       tt 


t«      «< 


((       (( 


<< 


4i  to  4f  "      " 


6 


H  t( 


it        II 


4and4J"      " 
6  to  7  "      ** 

4f      ••      " 


Foundation. 


Ties  8  ft.  centres  and 
steel  cbaii-s 

Largely  6"  rail  od 
stringers,  aud9"  rail 
on  ties  with  tie  plates 

Ties  2  ft.  centres: 
broken-stone  bal- 
last  

Cable,  yokes  4  ft. 
apart 

6-iDch  rail,  concrete 
under  and  between 
ties 

Spiked  to  ties 

Ties,  chairs  and  string- 
ers   

Ties,  2  ft.  centres... 

Cedar  ties,  gravel,  and 
ballast 


Pavement. 


^  Brick 

Granite  block 


Outside. 


( 


8  in.  brick,  then  asphalt 


It 


«< 


it  u 


Chairs  and  ties. 


Three  braced  chairs  to 
each  rail. .   

Chairs  and  stringers. . 

Stringers,  ties,  and 
chfdrs 

Spiked  to  ties;  2  ft. 
centres 


Steel  chairs,  ties  bed- 
ded in  gravel,  then 
inch  board  and 
block  paving 

On  broken  stone 


[Brick 

J  Asphalt  with 
stone  tooth- 
lug 

/  Stone  blocks 
C  and  asphalt; 

Brick Brick 

i     Brick,  gravel,  cypress,  boia  d'arc,  rock 

Brick,  cedar 

Granite 


\ 


Brick 
Same 
Stone  blocks 


Half  block. . . 
\  **    cobble... 


Granite  and 
cobble 

'Belgn.  blocks 
for  7 -inch 
rail;  cobble 
for  6-inch. . . 


Macadam 
Same 


( Granite  and  Macadam 


1 


Cedai*  blocks. 


Macadam. . . . 


-  Belgian  blocks 

Cedar  blocks 
Macadam 


The  filling  between  the  rail  and  pavement  varied  :  in  some  cases  none  at  all 
was  used,  in  others  any  of  the  following  materials  :  Oak  strip,  gravel,  etc.;  hard 
wood,  covered  with  coal-tar;  oak  strip,  bevelled  to  fit;  block,  cut  or  notched  to  fit; 
concrete;  sand,  with  brick  or  wooden  strip  ;  pine  or  oak  strip  ;  oak  strip  inside^ 
pine  strip  outside  ;  sand ;  asphalt  and  brick;  and  so  on. 


RAIL  JOINTS  WITH  BASE  SUPPORT. 


In  order  to  prevent  deflection  of  the  rail  ends,  various  designs  of  angle  bars; 
luive  been  proposed  and  discussed.    The  main  points  to  be  considered  are  stiff* 
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ness  and  elasticity.  In  order  to  secure  stiffness,  the  moment  of  inertia  of  the 
section  should  be  as  great  as  possible.  This  requires  that  the  web  should  be  made 
as  thin  as  is  consistent  with  strength,  and  that  the  metal  should  be  conoentTated 
in  the  head  and  base,  as  far  as  practicable  from  the  neutral  axis.  As  to  elasticic j, 
it  is  stated  on  good  authority  that  the  metal  in  angle-plates  is  inferior  to  that 
used  in  the  rails,  as  seen  in  the  following  table,  taken  from  a  number  of  tests 
made  at  Scranton,  Pa.,  in  1894: 

Tensile  Strength.    Elastic  Limit.  Behavior  under  Impact. 

Pomids.  Pounds. 

Rail  steel 120,000  60,000        Stood  2000  lbs.  faUing  20  ft. 

Angle-plate  steel .     57,000  30,000        Broke  under  2000  lbs.  falling  6  ft 

The  moment  of  resistance  at  the  elastic  limit  is  the  measure  of  the  ability  of 
the  joint  to  stand  up  in  the  track  under  impact  or  steady  loads  without  taking  a 
set.     This  moment  is  increased  in  the  manner  above  described. 

In  addition  to  the  above  the  tendency  is  to  design  the  angle*bars  so  as  to  give 
■a  base  support;  that  is,  to  extend  the  angle-plates  under  the  rail.  Several  forzDs 
of  joints  embodying  this  principle  of  construction  have  been  suggested.  The 
Heath  rail-joint  consists  of  a  plate  11x24  inches  and  f  in.  thick,  bent  to  form 
Au  angle-bar  and  base-plate,  extending  under  the  full  width  of  the  rail  base,  the 
ends  of  the  plate  resting  upon  the  joint  ties,  while  the  middle  of  the  plate  is 
-dished  so  as  to  form  a  pocket,  which  stiffens  the  joint  under  the  raU  ends.  Oa 
the  inner  side  of  the  rail  is  a  plain  splice-bar  or  fish-plate,  and  four  ordinary 
track-bolts  pass  through  the  bars  and  rails.  The  combined  angle-bar  and  base- 
plate is  made  of  f-in.  tank  steel,  of  low  carbon  (0.1  per  cent),  and  is  heated  in  oil 
ready  for  being  shaped  under  a  steam-hammer,  and  then  punched  for  the  bolts, 
a  double  punching  machine  being  used.  The  joint  has  been  applied,  with  satis- 
factory results,  to  old  rails,  and  is  in  use  on  over  50  railways.  The  cost  is  said 
to  be  from  57  cents  to  $1.15,  according  to  size  of  rail. 

The  continuous  rail-joint  consists  of  two  angle- bars,  with  wide  flanges  bent 
round  to  fit  under  the  rail  and  form  the  base  support,  each  plate  extending  on- 
-der  approximately  half  the  width  of  the  rail-base.  The  ends  of  the  platea  rest 
upon  the  joint  ties,  and  the  edges  are  slotted  for  the  spikes.  For  d7-pound  rails  the 
plates  are  ^  in.  thick  in  the  vertical  web,  f  in.  in  the  flange,  and  ^^  in.  in  the 
base.  The  bars  are  made  of  low-carbon  steel  (0.1  per  cent).  They  may  be  made 
of  any  desired  length,  and  are  secured  by  four  or  six  ordinary  track-bolts,  but 
shorter  bars  and  four  bolts  are  preferred.  This  joint  is  in  use  on  some  50  rail- 
ways, and  has  been  used  under  old  and  new  rails,  while  it  has  also  been  used  to 
.stiffen  and  strengthen  rails  at  points  where  interlocking  apparatus  has  made  it 
necessary  to  place  ties  four  feet  apart.  It  is  used  on  the  new  standard  75-pound 
rails,  as  well  as  on  the  old  72-pound  rails,  and  is  found  to  materially  reduce  the 
<cost  of  surfacing. 

St.  Gothard  Railway. 

The  following  article  is  abstracted  from  Engineering,  Jan.  4,  1895  : 
^'  It  is  now  more  than  ten  years  since  the  St.  Gk)thard  Railway  was  opened  for 
traffic,  and  it  is  not  too  much  to  say  that  in  that  time  this  great  Alpine  highway 
has  proved  an  immense  boon  not  only  to  the  three  countries  directly  concerned, 
-viz.,  Switzerland,  Germany,  and  Italy,  but  to  international  passenger  and  goods 
traffic  generally.  While  on  the  rival  route  by  the  Mont  Cents  traffic  has  been 
•dwindling  away,  so  that  this  great  and  costly  railway  is  at  present  worked  at 
.serious  loss  to  both  the  Paris,  Lyons,  and  Mediterranean  Company  of  France,  and 
the  Mediterranean  Company  of  Italy.  The  traffic  on  the  St,  Gothard  Railway 
has  steadily  increased  and  developed  from  year  to  year.  Nor  is  this  fact  trace- 
able only  to  the  commercial  rupture  between  France  and  Italy,  or  to  the  sup«ior 
natural  advantages,  such  as  the  grander  scenery,  the  great  tourist  centres,  and 
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the  more  numerous  and  attractive  points  of  interest  along  the  St.  Gothard  route : 
it  is  very  largely  due  to  the  vastly  superior  accommodations  and  facilities,  as  well 
as  to  the  far  better  management  of  the  St.  Gothard  Railway  as  compared  with  its 
western  rival.  Many  travellers  by  the  latter,  viz.  the  Mont  Oenis  route,  still 
have  a  ghastly  recollection  of  being  packed  like  so  many  parcels  or  herrings  into 
the  indifferent  first-class  through  carriages  from  Paris  to  Turin,  and  vice  versa  ; 
and  although  the  opening  of  the  St.  Gothard  rout«  at  last  pnt  an  end  to  that 
monopoly,  and  there  is  now  too  much  instead  of  too  little  space  in  passenger 
trains,  yet,  beyond  running  sleeping-cars  and  one  or  two  inferior  second-class 
carriages  in  the  express  trams,  the  Paris,  Lyons  and  Mediterranean  Company  has 
done  little  or  nothing  to  improve  the  accommodations  and  increase  the  comfort 
of  passengers  on  the  Mont  Oenis  Railway.  Indeed,  more  especially  as  regards 
first  and  second-class  accommodation  and  comfort,  the  carriages  of  the  Mont 
Cenis  line  are  not  to  be  compared  with  those  of  the  St.  Gothard,  nor 
with  those  of  the  Arlberg  and  Brenner  Railways.  As  has  been  said, 
the  great  success  which  has  attended  the  St.  Ghothard  Railway,  alika 
from  an  engineering  and  financial  point  of  view,  is  in  a  great  meas- 
ure due  to  excellent  management,  and  this  is  the  more  commendable  when 
the  extraordinary  care  required  in  working  and  maintaining  a  mountain  railway 
of  such  magnitude  is  taken  into  account."  The  St.  Gothard  system,  properly^ 
speaking,  has  a  length  of  165  miles  (265  kilometres).  The  total  distance  of  the* 
through  communication  from  B&Ie,  by  the  St.  Gothard  to  Milaus  is  286  miles  (878 
kilometres),  within  which  no  less  than  six  different  main  water-sheds  are  crossed 
in  succession.  The  valley  sections,  with  gradients  up  to  1  per  cent,  or  1  in  100, 
represent  45  per  cent ;  the  mountain  sections,  with  gradients  up  to  2.7  per  cent, 
or  1  in  37,  represent  55  per  cent  of  the  total  length.  The  alignment  and  gra- 
dients may  be  summed  up  as  follows : 

Total  sections  in  straight 95  miles. 

a         «*         a   curves 70    " 

Total  of  level  sections 85    ** 

'*     "  grade    "       180    '* 

The  minimum  radius  of  curvature  is  200  metres  or  10  chains  (660  feet),  the- 
mean  radius  408  metres  or  20  chains,  and  the  sum  of  all  curve  angles  is  15,624 
degrees. 

The  sum  total  of  all  differences  of  level,  viz.,  of  all  rises  and  falls,  2500  metres, 
or  8200  feet ;  hence  the  mean  gradient  is  1.2  per  cent.,  or  1  in  88.  The  steepest 
grade  on  the  northern  ascent  is  2.6,  that  on  the  south  side  2.7  per  cent. 

EARTHWORKS,   WORKS  OF  ART,  AND  STATIONS. 

The  total  lengths  of  these  are  : 

Length  of  embankments 85  miles. 

'*       *•  cuttings 86    " 

'*        **   65  tunnels 26    " 

**       "687  culverts,  860  bridges  and  viaducts 8    ** 

**        "  41  stations 15    " 

In  the  65  tunnels  is  included  the  summit  tunnel,  9.6  miles  (15  kilometres)  ;  also 
the  seven  helicoidal  or  ** corkscrew''  tunnels,  characteristic  of  the  St.  GK)thard 
Railway,  viz.,  three  on  the  north  side,  by  means  of  which  a  vertical  rise  of  about 
1000  feet  is  effected  in  a  length  of  7.5  miles,  and  the  four  similar  tunnels  on  the 
south  side,  two  to  effect  a  drop  of  187  metres  or  618  feet  in  5  miles,  and  two  548 
feet  in  the  same  distance.  All  of  these  heUcoidal  tunnels  have  a  uniform  radius 
of  990  feet. 
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Of  the  25  viaducts,  the  longest  is  846  feet.  The  greatest  number  of  opemngs  is 
seven.  The  maximum  length  of  a  single  iron  span  is  247  feet,  at  an  elevatioo  of 
260  feet  above  river  level,  and  the  maximum  width  of  masonry  arches  40  feet, 
the  greatest  depth  of  stone  piers  being  174  feet. 

Great  difficulties  were  encountered  in  driving  the  summit  tunnel,  owing  to 
faults,  fissures,  and  intermediate  soft  strata  in  the  gneisso-granitic  rock  formation. 
The  stopping  and  the  deviation  of  the  enormous  inpour  of  water,  together  with 
the  propping  of  soft  superincumbent  strata,  ^^  may  be  described  as  a  truly  gigantic 
task,^*  which  not  only  delayed  the  completion  of  the  tunnel,  but  increased  the 
cost  7,000,000  francs  over  the  contract  price  of  50,000,000  francs.  The  rising 
grade  from  the  northern  end  of  the  tunnel  to  the  summit  in  it  is  0.85  per  cent,  or 
1  in  118  ;  and  the  fall  from  that  point  to  the  southern  end  is  0.2  per  oent,  or  1  in 
500.  The  summit  level  of  the  tunnel  is  5600  feet  below  the  summit  peak  of  the 
St.  Gk)thard  ^*  massif."  Assuming  that  the  temperature  below  the  surface  of  the 
•earth  increases  at  the  rate  of  1  degree  cent,  or  1.8  d^;ree  Fahr.  every  100  feet, 
and  assuming  the  temperature  on  the  summit  peak  to  be  zero,  the  maximum 
temperature  at  the  depth  of  the  tunnel  corresponds  to  about  53°  cent,  or  137' 
Fahr.  By  the  use  of  the  ventilating  machinery  the  temperature  daring  the 
work  did  not  exceed  30°  cent.,  or  86°  Fahr.,  whilst  in  the  completed  tunnel  the 
maximum  temperature,  even  in  summer,  does  not  exceed  22°  cent.,  or  72°  Fahr. 

The  average  cost  of  great  Alpine  tunnels  has  been  gradually  reduced 
from  £148  to  £85  per  lineal  yard,  while,  inversely,  the  rate  of  perforation  and 
masonry  work  has  mcreased  from  0.5  to  1.6  miles  per  annum. 

The  following  table  gives  the  comparative  length  and  cost,  and  the  rock  for 
mations  of  the  principal  tunnels,  all  of  which  have  a  double  line  of  rails,  and  are 
lined  throughout  with  masonry: 


Table  OIL 


Name. 

22   *  . 
00 

4 

7.6 
9.4 
6.4 

Period  of 
Oonstruc- 

tiOD. 

15 
11 

4 

Total  Cotst, 

Per 
Kilo- 
metre. 

.S* 

i 

Bock  FomutiaB. 

Mont  Cenis. 
St.  Qothard. 
Arlberg 

4,850 

8,786 
4,997 

1867  to  1871 
1871  to  1881 
1880  to  1888 

Ft. 

75,000,000 
57,000,000 
94,000,000 

£ 
8,000,000 
9,980,000 
900,000 

Fr. 
6,150,000 
8,800,000 
9,880,000 

£ 
308,600 
'HJi,OQO 
140,100 

Limestone. 
Gnei8B»  granite. 
Mioa  slate  and  scbiit. 

Permanent  Way,  Pennsylvania  Railroad. 

The  ballast  is  placed,  before  laying  the  ties,  to  the  depth  of  from  8  to  IS 
inches.    The  quantity  of  ballast  required  per  mile  of  track  is  as  follows  : 

GraTel.  Broken  Stooe. 

Single  lines,  cu.  yds 1,900  2,315 

Double   **       "     **  4,075  5,300 

Three      **      "     "  6,958  8,500 

Four       *'       "     "  10,185  12,200 

These  include  the  filling  between  the  ties  up  to  their  top  surfaces.  The 
lengths  of  rails  used  are  25,  27^,  and  30  feet.  Weight  of  rails,  from  70  to  100 
pounds  per  yard. 

On  the  main  line  14  first-class  ties  are  used  to  each  80  linear  feet  of  track. 
The  track  is  laid  with  the  joints  between  the  ties,  and  broken  ;  that  is,  the  joint 
in  one  rail  is  opposite  the  centre  of  the  other  rail  in  the  same  track.  In  winter 
6-|i^-inch,  and  in  summer  ^inoh,  must  be  left  between  the  ends  of  rails  to  allow 
for  expansion. 
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HiNQED  Concrete  Aroh  Bridge  Oyer  Danube  at  Munderkingbn  in  Wvrtem- 

BURG  (see  paragraph  707  of  text). 

The  construction  of  this  arch  is  similar  in  many  respects  to  the  one  described 
in  paragraph  694. 

It  has  a  clear  span  of  164  feet,  and  a  rise  of  16.48  feet. 

The  foundation-bed  on  the  right  bank  is  the  natural  rock  which  crops  out  at 
the  surface  ;  on  the  left  side  the  rock  was  found  at  considerable  depth  below  the 
surface,  and  it  was  necessary  to  drive  piles  to  support  the  side  of  the  arch. 
There  were  driven  for  this  abutment  145  piles,  inclined  at  an  angle  of  15^  in  order 
to  place  their  longitudinal  axes  in  the  direction  of  the  thrust  at  the  springing. 

The  pressure  on  the  rock  abutment  is  218  pounds  per  square  inch,  about  15 
tons  per  square  foot,  and  the  shearing  148  pounds.  The  pressure  on  the  gravel 
averaged  29  pounds,  and  a  maximum  of  43  pounds  per  square  inch,  about  3  tons 
per  square  foot ;  the  horizontal  shear  is  50  pounds.  The  allowed  pressure  on 
«ach  of  the  145  piles  is  85  tons  in  the  direction  of  their  lengths.  The  pile>heads, 
which  are  embedded  in  concrete,  have  a  pressure  across  the  fibre  of  250  pounds 
«ach,  corresponding  to  a  shear  of  500  pounds,  or,  allowing  for  friction  of  the  con- 
crete and  gravel,  150  pounds  per  square  inch. 

The  piles  were  driven  to  a  depth  of  18  to  20  feet  in  the  gravel.  The  concrete 
and  pile  foundation  is  46.6  feet  wide  by  31.2  feet  long ;  the  width  of  the  arch  is 
1^4.8  feet. 

The  concrete  arch  is  8.28  feet  in  thickness  at  the  crown,  and  has  a  pressure  of 
500  pounds  to  the  square  inch  ;  the  thickness  at  the  springing  is  8.61  feet,  with  a 
somewhat  higher  intensity  of  pressure  than  at  the  crown.  The  pressure  was 
assumed  to  be  uniform  from  crown  to  springing.  In  the  so-called  *' breaking 
sections  '^  in  any  cross-section  of  the  arch  the  line  of  pressure  was  found  to  ap- 
proach the  intrados  or  extrados,  as  one  or  the  other  half  of  the  arch  was  fully 
loaded.  At  these  sections  the  thickness  was  increased,  so  that  the  maximum 
pressure  would  not  exceed  500  pounds  per  square  inch.  The  actual  maximum 
pressure  in  the  left  section  is  540  pounds,  and  in  the  right  560  pounds. 

The  cement  used  in  the  construction  of  the  arch  proper  had  to  be  of  sufficient 
fineness  to  pass  through  a  sieve  of  5800  meshes  per  square  inch  without  leaving 
any  residue,  and  not  over  15  per  cent  residue  on  a  sieve  of  82,200  meshes.  For 
other  portions  of  the  structure  a  residue  of  1^  per  cent  on  the  first  and  24  per 
-cent  on  the  second  sieve  was  allowed.  Soundness  was  examined  into  by  placing 
pats  on  glass  plates,  and  no  cracks  or  warping  was  allowed.  In  tensile  tests 
specimens  of  0.78  square  inch,  composed  of  1  cement,  3  standard  sand,  were 
tested  after  being  1  day  in  air  and  6  days  in  water. 

The  following  table  gives  some  of  the  tests: 

Table  OIII. 


Grade  of  Cement. 


Qaick-setting  Portland,  slow-setting. . 

Ordinary  fineness 

Fine  gray  port 

••    red       **    

'*   green    **    

**    yellow  *'    


Us 

^1 

Pl« 

&^ 

* 

45 

4 

10 

4 

10 

4 

4 

4 

.-  «  -i 


150  to  297 
250  to  260 
234  to  886 


IP 


241  to  400 
278  to  480 
291  to  485 
811  to  326 
294  to  890 
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Chemical  analysis  showed  not  over  1.1  per  cent  of  magnesia. 

All  materials  for  concrete  were  required  to  be  perfectly  clean. 

Broken  limestone  and  gravel  was  not  over  li  inches  in  diameter.  The  con- 
crete was  machine-mixed.  The  mixer  was  an  iron  cylinder  4.0  feet  in  diameter 
and  3.8  feet  in  length,  revolying  on  a  horizontal  axis.  In  this  cylinder  were  40 
balls,  4.8  inches  in  diameter,  weighing  about  660  pounds.  In  the  circumference 
of  the  cylinder  was  a  door,  through  which  the  stone,  cement,  and  saod  was  put 
in  and  the  mixed  concrete  taken  out ;  a  grating  with  bars  about  0.4  foot  apart 
prevented  the  balls  from  falling  out.  During  mixing  the  door  is  closed.  The 
materials  were  mixed  dry  for  3  minutes ;  then  water  from  a  reservoir  at  one  end 
of  the  mixer  was  sprayed  through  the  hollow  axis,  and  the  mixing  continued  for 
8  minutes  longer.  The  proper  quantity  of  water  was  regulated  by  means  of  a 
float  and  gauge.  The  drum  Held  0.8  cubic  yard  of  concrete  (about  21.5  cubic 
feet).  A  batch  was  made  in  10  minutes ;  one  machine  furnishcKl  48  cubic  yards 
(1296  cubic  feet)  in  10  working  hours. 

The  effect  of  mixing  the  concrete  in  this  manner  is  not  merely  to  reduce  the 
sizes  of  the  stone  and  gravel  by  grinding,  but  jnnncipallj^  to  cause  the  cement  to 
firmly  adJiere  to  the  8U7]faces  of  the  other  mateinals.  [Italics  by  author.  It  is  & 
matter  almost  universally  ignored  and  neglected  in  mixing  concrete.] 

Samples  4  inches  long  made  from  1,  2,  8,  and  5  concrete,  for  the  arch,  showed 
after  seven  days  in  air  from  2070  to  8840  pounds  per  square  inch,  the  average  of  10 
tests  being  2970  pounds.  Ten  tests  with  blocks  28  days  old  ranged  from  2950  to 
4650  pounds — average  3780  pounds  per  square  inch — while  the  maximum  working 
pressure  is  50tf  pounds.  The  arch  was  jointed  or  hinged  at  the  crown  and  spring- 
ing, making  it  a  statically  determinate  structure,  no  arbitrary  assumptions  as 
to  the  course  of  the  line  of  pressure  being  necessary,  settlement  of  the  founda- 
tions or  deflections  of  the  arch  were  also  thereby  compensated  for.  There  are  1^ 
such  hinges  at  the  crown  and  12  at  each  abutment.  Each  hinge  is  made  of  two 
steel  boxes,  built  of  I  beams  and  plates  2  inches  wide,  {  inch  deep,  and  3^ 
inches  high ;  the  boxes  are  free  to  turn,  one  on  the  other,  through  a  ball-joint 
placed  between  the  boxes  at  the  centre  ;  or,  as  described  by  another  writer,  the 
bearings  are  1.64  feet  long,  and  have  two  steel  bars  2.8  inches  wide  and  1  iuch 
thick,  machined  so  as  to  fit  close  together  on  surfaces  curved  to  a  6-inch  radius^ 
and  subjected  to  a  maximum  pressure  of  9700  pounds  per  square  inch  from  the 
actual  abutting  supports.  This  is  distributed  by  wrought-iron  boxes  over  a  suf- 
ficient area  on  the  concrete.  The  boxes  are  1.64  feet  long,  32  inches  wide,  and 
8  inches  thick.  Each  is  formed  of  two  I  beams,  to  which  are  riveted  .6-iucb  iron 
plates.  They  were  tested  to  a  pi*essure  of  1240  pounds  per  square  inch,  bu& 
transmit  only  840  pounds  to  the  concrete. 

The  backing  is  formed  of  hollow  arches  above  the  haunches,  and  the  spandrel 
is  faced  with  concrete.  The  arch  ring  is  faced  with  limestone  projecting  about  ^ 
inches.  The  roadway  is  macadamized ;  the  sidewalks  on  each  side  are  paved 
with  concrete  blocks  and  have  an  iron  railing  at  the  edge.  The  moving  load  is 
taken  at  82  pounds  per  square  foot,  the  weight  of  concrete  at  144  to  150  pounds 
per  cubic  foot. 

The  soffit  on  left  half  of  arch,  where  the  pile  foundation  is  employed,  is  curved 
to  a  radius  of  213  feet; — two  thirds  of  the  other  half  have  a  radius  of  230  feet, 
and  the  remaining  one  third  151  feet  radius.  The  approximate  line  of  pressure 
under  full  load  was  determined  experimentally. 

The  false-work  was  erected  on  piles,  and  consisted  of  12  bents  supporting  the 
arched  logitudinal  stringers  on  double  wedges.  The  flooring  (lagging)  resting 
on  these  stringers  was  made  of  4  by  4  in.  planks  laid  close  together,  but  not  nailed» 
The  faoes  of  the  arch  were  covered  with  boards.  The  concreting  was  done  in 
layers  llf  inches  thick,  these  commencing  at  the  abutments,  where  the  metal 
hinges  were  first  put  in  place,  and  working  alternately  from  either  end  toward:> 
t^e  centre  for  a  distance  of  26.25  feet.    The  work  then  proceeded  from  the  neigh- 
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borhood  of  the  crown,  and  finally  the  remaining  openings  were  filled  in.  The 
hinges  at  the  crown  were  adjusted  and  concreted  19  days  after  commencing 
work  ;  28  days  after  closing  the  arch  the  planking  was  removed.  The  deflection 
was  then  observed  for  a  long  period  of  time  and  amounted  to  4W  inches.  This 
deflection,  as  well  as  the  settlement  and  compression  at  the  left  abutment,  had 
all  been  provided  for  by  raising  the  false- work  a  sufficient  amount.  The 
construction  lasted  iu  all  seven  months,  after  which  the  bridge  was  open  to  traf- 
fic.    It  has  not  so  far  shown  any  defects. 

The  cost  was  as  follows  (1  mark  =  28.8  cents): 

Foundations $8,832 

False-work 1,600 

Superetructure 9,615 

Superintendence,  etc 2,261 

Total $16,898 

or,  for  a  clear  span  of  164  and  a  width  between  railings  of  26.25  feet,  the  price 
is  about  $3.90  per  square  foot  of  traffic  surface.  Tiie  total  expenditure,  includ- 
ing paving  and  railing,  amounted  to  $21,420.  Descriptions  and  drawings  of  this 
structure  found  in  Engineering  Nevjs  of  December  20,  1894;  Engineering 
Record^  and  Engineering,  vary  in  some  of  the  details. 

Methods  of  Overcoming  Steep  Grades. 
(See  Engineering  Magazine,   May,  i894.) 

The  common  methods  of  climbing  steep  grades  are  : 

(1)  G rip-wheela  or  Drums  Operated  by  Steam  or  Electric  Power. — The  drums 
are  placed  at  the  top  of  the  incline,  and  cables,  attached  to  the  cars  at  the  foot 
and  the  drum  at  the  top,  are  used  to  haul  the  cars  to  the  top,  the  cables  winding 
around  the  Jrum  as  the  car  ascends.  The  track  upon  which  the  cars  run  is  often 
composed  of  three  rails,  the  middle  one  being  common  to  both  tracks.  The 
descending  and  ascending  cars  pass  by  means  of  a  turn-out  near  the  middle  of 
the  incline,  or  two  separate  tracks  may  be  used.  This  hjis  proved  an  economical 
means  of  hauling  loads  up  steep  grades.  Of  this  type  a  notable  example  is  the 
steam-cable  incline  at  the  Catskill  Mountains.  This  cable  incline  was  built  in 
1892.  The  length  of  the  incline  is  6780  feet,  and  the  rise  in  this  distance  is  1600 
feet,  or  1  vertical  in  about  4.25  horizontal.  The  first  departure  from  the  common 
mode  of  construction  consists  in  adopting  a  gradd  on  a  vertical  curve,  so  gradu- 
ated as  to  result  in  compensation  for  the  shifting  of  the  great  weight  .of  the  cable 
from  one  side  of  the  road  to  the  other,  which  would  of  course  occur  at  every  trip. 
When  starting,  the  resistances  to  be  overcome  is  not  only  the  weight  of  the  lower 
load,  but  also  the  entire  weight  of  the  cables,  and  these  wire  ropes  weigh  35,000 
pounds.  As  the  lower  load  ascends  this  weight  is  constantly  decreasing,  for  the 
cables,  passing  around  the  friction-drums,  follow  the  descending  car  and  add 
their  weight  to  its  gravity-power.  Consequently,  in  order  that  the  engine  shall 
only  be  called  upon  to  exert  a  uniform  power  at  all  stages  of  the  trip,  and  per- 
form the  most  economical  work,  the  grade  is  made  lightest  at  the  bottom,  but 
constantly  increasing  with  an  upward  curve  in  exact  proportion  as  the  weight  of 
the  cable  is  transferred  from  an  upward  resistance  to  a  downward  pull.  The 
steepest  grade  is  near  the  top  of  the  incline.  The  descent  is  regulated  by  the  use 
of  an  automatic  clutch. 

(2)  Hack^and-pinion  Qearing, — The  common  construction  of  thistype  of  rail- 
way consists  in  laying  a  centre  rail  midway  between  the  track  rails.  The  middle 
rail  has  a  series  of  teeth,  into  which  gear  the  teeth  of  a  wheel  attached  to  the 
car  and  turned  by  steam  or  electric  power.  In  this  manner  the  loaded  car 
climbs,  as  it  were,  the  incline. 

In  the  earliest  track  of  this  kind — the  Mount  Washington  Railway,  New 
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Hampshire — the  centre  or  rack-rail  was  built  of  two  angle-irons  with  wronght- 
iron  rungs  between  them,  with  which  the  teeth  of  the  pinion-wheel  engaged. 
The  grade  surmounted  was  at  the  rate  of  1  foot  vertical  to  2f  horizontal. 

The  next  improvement  consisted  in  the  substitution  of  trapezoidal  teeth  in  the 
rack  with  a  system  of  involute  gearing.  Then  a  double  rack  and  pinion  was 
used,  the  teeth  in  one  rack  being  opposite  the  open  spaces.  By  this  construction 
the  power  was  applied  more  regularly  and  continuously,  and  the  motion  was 
easier.  This  is  known  as  the  Abt  system.  It  is  the  one  almost  aniversally 
Adopted  in  Europe.  The  Pike's  Peak  road  in  this  country  is  worked  on  this 
system,  on  a  grade  of  1  in  4. 

In  the  Mount  Pelatis  railroad,  instead  of  teeth  on  the  upper  surface  of  the 
centre  rail  and  pinion-wheel  turning  a  horizontal  axis»  teeth  were  placed  on  both 
sides  of  the  centre  rail,  and  horizontal  pinion-wheels  turning  on  vertical  axes, 
are  used,  on  grades  of  48  in  100,  or  1  vertical  in  2.08  feet  horizontal.  In  these 
systems  no  great  speed  is  attainable. 

(8)  TJie  Water-halaiice  Cable  Incline, — This  is  perhaps  the  simplest,  and 
where  water  is  or  can  be  stored  at  the  top  of  the  incline,  also  the  mo^t 
economical.  The  construction  is  simple,  and  as  follows :  A  cable  passes  around 
a  sheave  at  the  top  of  the  incline,  each  end  of  which  is  attached  to  a  car.  The 
cars  are  provided  with  water-tanks,  which  can  be  filled  or  discharged  rapidly. 
The  only  resistances  to  be  overcome  are  the  difference  between  the  weights  of  the 
ascending  and  descending  cars  and  friction  of  moving  parts.  The  car  at  the  foot 
of  the  incline  is  discharged  of  its  water  and  loaded  with  its  weight  to  be  carried 
to  the  top  of  the  incline  ;  the  car  at  the  top  is  filled  with  water  and  discharged 
when  it  reaches  the  foot  of  the  incline.  When  necessary,  the  descent  is  r^^- 
lated  by  rack  and  pinion.  The  Glion  railway  in  Switzerland  is  a  water-balance 
incline.    Rate  of  grade,  57  feet  vertical  in  100  feet  horizontal;  total  rise,  997  feet. 

From  Bulletin  of  the  American  Society  of  Civil  Engineers,  April  4, 1894. 

combined  iron  and  concrete  arches. 

Pont  d*Alma  and  Pont  Napoleon  railway  viaducts  have  spans  about  140  feet 
in  length,  and  rise  of  ^  of  the  span.  Erlack,  Germany:  arch  length  of  span  105 
feet,  and  rise  13  feet,  with  thickness  at  crown  of  20  inches.  At  IJlm,  Germany, 
an  arch  is  built  with  span  of  150  feet,  and  thickness  at  crown  of  Sf  inches. 

A  stone  arch  is  constructed  for  pressure  only.  In  concrete  arches  ^  of  the 
pressure  at  least  may  be  taken  up  as  tension.  The  use  of  iron  with  concrete  is 
to  take  up  the  tension,  and  in  building  flat  arches  there  is  sometimes  a  saving  of 
over  50  pei*  cent  in  the  material  used  as  compared  with  stone.  The  Monier 
system  at  first  used  only  one  wire  netting  on  the  intrados.  A  second  is  advisable 
in  the  extrados  near  the  haunches.  At  Bremen,  Germany,  a  bridge  is  designed 
for  a  live  load  of  200  lbs.  per  sq.  ft.,  with  a  span  of  132  feet,  rise  of  14f  feet, 
and  thickness  at  crown  of  9|  inches.  In  Switzerland,  in  1891,  three  bridges 
-were  built,  having  spans  of  128  feet,  rise  11  feet,  and  thickness  at  crown  6| 
Inches,  increasing  to  10  inches  at  the  abutments.  The  more  recent  systems  adopt 
rolled  shapes  for  the  iron  instead  of  wire  netting.  A  span  of  16.6  feet,  designed 
for  a  load  of  80  lbs.  per  sq.  ft.,  was  tested  up  to  565  lbs.  per  sq.  ft.  before  rupture 
occurred.  In  flat  arches  it  is  claimed  that  the  horizontal  thnist  at  the  abutments 
is  almost  entirely  done  away  with.  The  Melan  system  consists  of  bent  I  beams 
with  concrete  bedded  between  them,  and  no  cross-rods  used.  The  bending  is 
done  at  the  mill  at  a  cost  of  half  a  cent  per  pound.  Only  a  light  centring  is 
required  to  support  the  ring  until  the  concrete  is  set.  Concrete  is  laid  in  rings 
between  the  beams  in  layers  of  about  6  inches  in  thickness,  and  well  rammed. 

A  series  of  tests  were  made  by  the  Austrian  Society  of  Engineers  and  Archi- 
tects, at  an  expense  of  $36,000,  on  arches  from  7  to  77  feet  span,  and  loaded  to 
breaking.  An  arch  of  brick  and  cement  mortar,  13^  feet  span,  ISf  inches 
rise,  thickness  at  crown  6  inches,  broke  with  321  lbs.  per  sq.  ft.     On  the  Ifonier 
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system  an  arch  with  18^  ^^et  span,  15f  inches  rise,  and  thickness  at  crown  2| 
inches  required  840  lbs.  per  sq.  ft.  to  break  it.  An  arch  on  the  Melan  system, 
span  IS^  feet,  rise  11  inches,  and  thickness  at  crown  8i  inches,  broke  at  8860  lbs. 
per  sq.  ft. 

The  best  practice  in  mixing  materials  for  such  work  is  to  make  the  concrete 
at  the  crown  of  1  part  cement  and  5  parts  of  other  materials,  in  the  haunches  1 
to  7,  and  in  the  spandrels  1  to  9.  The  common  practice  is  to  use  less  cement. 
The  centring  can  be  removed  after  two  weeks,  but  the  arch  should  not  be  sub- 
jected to  severe  tests  before  three  months  have  elapsed.  After  a  test  on  a  bridge 
of  6  spans,  at  the  expiration  of  thirty-one  days  the  deflection  was  0.59  inch, 
and  after  forty-three  days  0.08  inch. 

The  modulus  of  elasticity  of  concrete  is  about  ^  of  that  of  mild  steel.  The 
adhesion  between  iron  and  concrete  after  hardening  would  be  about  600  lbs.  per 
sq.  in.,  acting  like  a  glue  after  the  concrete  has  once  hardened.  Concrete  is  con- 
sidered the  best  conservator  of  iron.  Rods  bedded  in  concrete  for  400  years 
below  low-water  level  were  found  to  be  free  from  rust.  Expansion  from  heat  is 
the  same  in  both  concrete  and  iron. 

The  advantages  are:  (1)  No  expense  for  maintenance,  no  vibration,  and  prac- 
tically no  noise;  (2)  not  affected  by  a  change  of  live  load;  (8)  they  are  tornado 
and  high-water  proof;  (4)  have  a  solid  appearance,  which  can  be  made  to  har- 
monize with  architectural  surroundings;  (5)  their  construction  is  cheap  where 
sand  and  gravel  are  to  be  had. 

The  average  span  in  Europe  is  50  feet,  with  a  maximum  of  150  feet,  and  there 
is  no  reason  why  this  should  not  be  exceeded. 

The  above  is  from  a  paper  written  by  Fr.  Von  Emperger,  C.E. 

Solid  Iron  Floor-systems. 

Ben  Venue  Bridge^  Pittsburg,  Fa.  —  Solid  concrete  and  corrugated  steel 
plates  were  used.  A  uniform  live  load  of  125  pounds  per  square  foot,  and  excess 
loads  arising  from  electric  cars  and  a  15-ton  Aveling  &  Porter  steam  road- roller. 
The  solid  floor  consists  of  Carnegie's  corrugated  steel-plate  sections;  to  these  the 
9-inch  girder  rails  for  the  street  railway  are  attached  directly  by  hook-bolts. 
IFpon  the  corrugated  plates  is  a  bed  of  elastic  **  binder,"  in  two  layers,  used  to 
insulate  the  ironwork  and  prevent  its  use  as  a  ground  for  the  return  electric  cur- 
rent of  the  street  railways.  To  further  the  same  end  the  electric  connection 
between  the  rails  is  insulated  by  being  surrounded  by  asphalt.  On  the  top  of  the 
binder  is  placed  a  layer  of  concrete,  carrying  the  pavement  of  Neuchatel  asphidt. 
To  provide  for  contraction  and  expansion,  joints  were  made  in  the  concrete  at 
intervals  of  25  feet.    The  asphalt  is,  of  course,  continuous  over  these  joints. 

Other  systems  consist  of  some  kind  of  trough-shaped  section.  These  are  bnilt 
np  with  plates  and  bolted  together  with  rivets.  The  sections  are  of  the  v,  |  |  or 
\_/  shapes.  The  plates  either  overlap  and  are  riveted  together,  or  cover-plates, 
citHer  plain  or  bent,  are  riveted  to  the  main  plates.  Taking  the  trapezoidal  sec- 
tion, the  dimensions  are  as  follows:  The  vertical  depth  of  the  trough  is  10  inches, 
^lear  width  at  top  15^  inches,  at  bottom  5  inches.  Sides  and  bottom  overlap,  and 
are  held  by  one  row  of  rivets  on  each  side.  The  top  cover-plate  between  the 
troughs  proper  is  5i  inches,  covering  the  portions  of  the  side  plates  of  two  adja- 
cent troughs,  bent  to  a  horizontal,  and  held  by  one  row  of  rivets  to  each  side 
plate.  Bottom  plate  is  f  inch  in  thickness,  side  plates  f  inch,  and  top  plate  ^ 
inch.  The  bottom  plate  is  bent  at  its  sides  to  fit  the  side  plates,  which  splay  out- 
wards from  the  bottom  plate  through  123°  of  arc.  This  construction  gives  a 
water-tight-bottom.  The  other  types,  of  the  triangular  and  rectangular  sections, 
<do  not,  as  ususilly  constructed,  give  a  positive  water-tight  bottom. 

The  solid  iron  floor  of  the  Archer-avenue  subway,  Chicago,  is  made  of  plates 
and  angles.  Its  depth  is  lOi  inches,  and  the  troughs  are  spaced  21  inches  apart, 
centre  to  centre.  The  troughs  are  made  up  as  follows :  Top  plate,  10  x  /,  inches ; 
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side  plates,  9|xt  inches;  bottom  plate,  11|x^y  inches;  angles,  3x3 x|  inches. 
The  flooring  iits  between  the  lower-chord  flanges  of  the  girders,  with  a  clearance 
of  1  inch  on  each  side  for  drainage,  and  its  under  side  is  on  a  level  with  the 
under  side  of  the  lowest-chord  cover-plate. 

TESTS  OF  CONCRETE  AND  IBON-FLOOB  ARCHES  ON  THE  HELAN  STSTEM. 

Tests  were  made  on  arches  7  feet  span,  6  feet  in  width,  with  three  4-inoh 
I  beams,  spaced  3  feet  apart.  Two  other  arches  of  6  feet  span,  also  two  of  6  fe^:t 
span,  4  feet  wide,  with  tee-bars  3  in.  by  3  in.,  spaced  2  feet  apart. 

The  arch  beams  rest  between  12-inch  I  beams,  held  together  by  angle-irons 
8  in.  by  2  in.,  connected  to  top  and  bottom  flanges  at  each  end;  bottom  flanges 
were  also  connected  by  two  flat  bars  f  by  2  in.,  having  the  ends  bent  around 
the  flanges.  The  concrete  arch  was  built  upon  wooden  centres,  the  thickness  of 
the  arch  4  inches,  composed  of  1  part  Mauheim  Portland  cement,  2  parts  sand, 
and  4  of  broken  stone  of  f-inch  size,  well  rammed  against  the  sides  of  arch  and 
backed  up  to  the  under  side  of  the  top  flanges  of  the  12-inch  beams.  The  test& 
upon  these  arches  have  not  yet  been  reported. 

The  tests  of  flat  fire-proof  floors  of  concrete  with  wire  and  iron  rods  embedded 
therein  have  been  recently  made.  The  w^ire  is  stretched  across  between  the  top 
flanges  of  I  beams;  it  was  covered  by  and  bedded  in  a  mixture  of  plaster  i»f 
Paris,  coarse  sawdust,  and  cement,  forming  a  flat  arch  or  pavement,  the  ends 
carried  down  so  as  to  cover  the  webs  and  lower  flanges  of  the  beams.  An  arch 
span  4  feet  6  inches  centre  to  centre  of  bearings,  4  feet  OJ  inch  clear  between 
flanges,  surface  area  of  10.105  square  feet,  deflected  -jV  inch  under  348  pounds 
per  square  foot,  and  \i  inch  under  894  pounds,  and  gave  way  under  1551  pounds 
by  the  breaking  of  some  of  the  wires  on  one  side. 

In  a  hollow  segmental  arch,  span  5  feet  2%  inches,  the  lower  joints  oommenct^d 
to  open  before  a  load  of  300  pounds  per  square  foot  was  reached,  and  failed 
suddenly  under  411  pounds,  breaking  at  the  skew-backs. 

Impact  Tests. — A  205-pound  cylindrical  w^eight  9 J  inches  in  diameter  was 
dropped  from  a  height  of  5  feet,  and  striking  with  its  edge  on  the  arch,  cutting 
into  it  and  spreading,  but  not  breaking  the  wires  until  it  was  dropped  five  times 
in  one  place,  when  it  broke  or  cut  them  and  dropped  through  to  the  floor  below, 
making  a  clean-cut  hole.     Length  of  span,  3  feet. 

In  the  fire- test  proof  a  hardwood  fire  was  kept  burning  under  an  arch  of 
5  feet  6  inches  span  for  three  hours,  when  it  was  extinguished  by  water  dis- 
charged from  a  hose,  water  being  also  throw^n  upon  the  floor  without  causing  the 
com])osition  to  crack,  splinter,  or  show  signs  of  disintegration.  The  beams  and 
the  arch  surface  not  exix)sed  to  the  flame  remained  cool.  The  surface  exposed 
was  affected  for  a  depth  of  about  i  inch. 

Chamber-mine  Firing—*'  Iron  Gates,"  Greben  Point,  Danube  Rivee. 

A  heading  3  feet  wide,  4  feet  high,  is  driven  about  80  feet  in  length.  At  its  end  a 
chamber  6  ft.  x  6  ft.  x  6  ft.  is  excavated  at  right  angles  to  the  heading.  This  is 
charged  in  the  usual  way,  and  the  heading  closed  by  brickwork  laid  in  oemeoi 
and  dry-stone  packing.  At  first  **  carboazotine  "  was  used.  This  is  a  low  explo- 
sive of  tiie  nature  of  blasting-powder,  composed  of  74  per  cent  potassium  nitrate, 
12  of  sulphur,  8  of  soot,  and  6  of  bran,  prepared  by  the  wet  process.  In  one 
chamber-mine  with  a  breast  of  60  feet  and  a  height  of  99  feet  3.885  tons  brought 
down  700,000  cubic  feet  of  rock. 

Five  tons  of  second-grade  new  dynamite,  containing  45  per  cent  of  blasting 
gelatine,  were  used  in  the  chamber.  This  second-grade  dynamite,  ih  charges  of  12 
tons,  brought  down  2,100,000  cubic  feet  of  rock,  in  each  case  about  80  cubic 
feet  per  pound  of  explosive.  The  explosive  effects  of  both  the  dynamite  and 
*' carboazotine''  were  the  same  under  similar  conditions. 
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The  fonnula  used  for  determining  the  proper  quantity  of  explosive  was 

L  =  8(©»  +  hh)q. 

L  =  weight  of  charge  in  kilograms; 

\>  =  line  of  least  resistance  in  metres; 

h  =■  weight  of  rock  above  in  metres; 

q  ==  coe^cient  depending  on  explosive  used. 

The  height  of  rock  above  the  charge  seemed  to  be  of  little  importance.  Omit- 
ting the  term  5A  from  the  formula  only  made  a  difference  of  100  kilograms  in  a 
charge  of  4000  kilograms.  Thus  the  formula  practically  resolves  itself  into  the 
cube  of  the  line  of  least  resistance  multiplied  by  a  coefficient.  This  is  almost 
identical  with  the  formula  obtained  by  considering  the  explosive  to  act  in  spher- 
ical waves  in  an  unlimited  homogeneous  solid,  namely, 

j:  =  4.1888r«c. 

This  is  the  formula  used  in  the  harbor  at  Fiume,  where  the  ratio  of  height  to 
line  of  least  resistance  was  kept  constant  at  3  to  2.  Mr.  Guttmann  says  that 
both  of  these  give  the  quantity  of  charge  too  high,  since  they  can  only  be  true  in 
a  perfectly  confined  space,  a  condition  never  existing  in  practice,  for  there  is  al- 
ways at  least  one  free  surface,  consequently  the  formula  based  on  the  formation 
of  a  conical  crater  must  be  more  accurate  : 

where  L  is  the  weight  of  the  charge  in  kilograms,  w  is  the  longest  line  of 
least  resistance  at  right  angles  to  and  towards  the  free  surface  in  metres,  and  r  is 
the  radius  of  the  crater  in  metres,  and  should  not  be  greater  than  8.2u?.  As  an 
additional  quantity  of  charge  is  desirable  to  insure  success,  the  spherical  wave 
formula  may  be  used,  though  at  some  extra  expense. 

The  constant  ^  or  c  may  be  taken  equal  to  from  0.18  to  0.23,  or  on  an  aver- 
age at  about  0.22  for  carboatzotine.  For  other  explosives  the  constant  must  be 
determined  by  experiment.  With  the  second-grade  dynamite  as  given  above  it 
would  be  about  the  same  as  for  carboatzotine. 

Sheet-asphalt  Paving  Practice  in  Twelve  American  Cities. 

Thickness  of  the  concrete  base  varies  from  4  to  6  inches.  All  except  two  use 
broken  stone,  sand,  and  cement  in  making  the  concrete;  one,  Washington,  uses  half 
broken  stone  and  half  gravel;  and  Pittsburg  uses  broken  stone  and  screenings,  with 
sand  and  cement.  Six  of  them  use  no  cushion  coat  on  the  concrete,  while  the  re- 
maining six  use  a  half-inch  cushion.  Four  lay  no  binder  coat,  six  use  one  of 
\\  inches  in  thickness ;  the  remaining  two  cities  one  of  one  inch  and  the  other  of 
one-half  inch  in  thickness.  In  six  of  the  cities  using  binders  the  material  is  broken 
stone.  In  Cleveland  it  is  sand  and  gravel.  The  thickness  of  the  surface  after 
final  compression  is  as  follows:  Washington,  li  inches,  or  di  inches  loose;  Har- 
risburg,  Chicago,  Cincinnati,  Detroit,  Columbus,  Cleveland,  and  Syracuse,  2i 
inches,  including  the  half-inch  cushion ;  Pittsburg,  li  to  2  inches  ;  Kansas 
City  and  Buffalo,  2  inches.  The  average  price  paid  per  square  yard:  Washington, 
base,  binder,  and  surface,  for  the  6-inch  base,  $1.68,  and  $1.68  for  the  4'inch 
base  ;  Harrisburg,  grading  and  foundation,  $2.75 ;  Scranton,  all  but  curbing,  in- 
cluding grading,  foundation,  remodelling  street  basins,  raising  or  lowering  man- 
holes, crosswalks,  and  gratings,  $2.58 ;  Pittsburg,  removal  of  the  subgrade,  4 
and  5-inch  base,  no  binder,  $2.49;  the  6-inch  base,  with  binder,  $3.06;  Kansas 
City,  everything  but  curbing,  if  the  street  has  been  graded;  if  not  graded,  this  is 
done  first  by  special  contract,  $2.58i;  Chicago,  grading  and  foundation,  $2.88  to 
$2.93;  Cincinnati,  grading,  rolling  subgrade,  and  pavement  complete,  no  curb- 
ing, $2.75  ;  Columbus,  grading  and  foundation,  curbing  40  cents  per  lineal  iiot 
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extra,  (2.65;  Detroit,  concrete,  $2.50;  Cleveland,  concrete  base  on]3%  f2.8^ 
to  $2.95 ;  Syracuse,  including  the  6-inch  concrete  foundation,  (2.43.  In 
Washington,  Harrisburg,  Scranton,  Pittsburg,  Kansas  City,  Chicago,  Cincinnati^ 
Columbus,  Detroit,  Cleveland,  and  Syracuse  the  price  does  not  include  grading^ 
foundation,  and  curbing.  In  Buffalo  the  price  does  include  these  items,  but  only 
grading  exceeding  one  foot  is  paid  for  by  the  cubic  yard.  Buffalo  and  Erie  are 
the  only  cities  including  curbing  in  the  paving  price.  The  terms  of  guarantee 
for  sheet-asphalt  pavements  are  as  follows:  Five  years  in  all  the  cities  except 
Cleveland,  where  it  is  10  years.  The  average  price  in  11  cities  is  (2.605.  Of 
course  the  sheet-asphalt  pavement  or  covering  is  included  in  all  of  the  foregoing 
prices. 

Tar-McAdam  street-paving  is  used  extensively  at  Withington,  England.  It 
is  constructed  as  follows: 

A  10-inch  bed  of  hard  clinkers  and  broken  stone  is  well  rolled  by  a  12-ton 
steam  roller,  and  covered  with  4  inches  of  2i-in.  broken  stone,  which  is  also  well 
rolled.  Upon  this  is  laid  a  3-in.  layer  of  tar-macadam,  consisting  of  one  ton  of 
li-in.  granite  to  12  gallons  of  tar,  28  pounds  of  pitch,  and  2  gallons  of  creosote 
oil.  This  coat  is  well  rolled,  and  is  covered  with  1  in.  of  limestone  screenings^ 
mixed  with  the  same  cementing  materials,  then  covered  with  a  blending  of  dry 
screenings  and  finally  rolled.  The  work  should  only  be  done  in  fine  weather;  the 
rolling  should  average  one  day^s  work  for  each  100  sq.  yds.,  and  the  traffic 
should  not  be  let  on  the  road  directly  after  it  is  completed.  The  cost  is  from  84 
cts.  to  (1.00  per  square  yard. 

In  Boston  for  the  granite- block  pavement  large  blocks  have  been  preferred— 
namely,  in  width  3i  to  4^  inches,  in  length  9  to  14  inches,  and  usually  not  less 
than  lU  inches,  and  in  depth  7i  to  8  inches.  These  blocks  delivered  cost  (73.50 
per  thousand.  Boston  has  relatively  a  small  percentage  of  paved  streets  There 
are  33  per  cent  of  gravel,  37  per  cent  of  macadam,  10  per  cent  of  telford,  1.41 
per  cent  asphalt.  Buffalo  has  151  miles  of  asphalt  and  120  miles  of  block-stoue 
out  of  a  total  of  396  miles,  or  38  per  cent  asphalt  and  80  per  cent,  of  Uock, 
against  1.44  and  17.38  per  cent,  respectively  in  Boston, 

Kentucky  Rook  Asphalt. 

The  table  opposite  shows  the  valuable  qualities  of  this  rock  asphalt, 
for  which  the  author  is  indebted  to  Mr.  Marshall  Morris,  of  Louisville,  Ey.  After 
comparisons  made  with  lYinidad  asphalt  a  contract  for  paving  with  this  material 
in  Buffalo,  K  Y.,  has  been  awarded  at  (1.65  per  square  yard,  with  (2.00  for  cats 
and  openings,  60  cents  per  foot  for  limestone  curbing,  and  80  cents  per  loot  for 
redressing  and  setting  curbstones. 

Bearino-poweb  of  Pavements. 

A  38-ton  bridge  girder  was  hauled  through  the  streets  of  Troy,  N.  Y.,  upon 
two  4- wheeled  trucks,  with  tires  5  inches  wide.  The  weight  caused  an  indenta- 
tion of  about  1  inch  in  passing  over  a  granite  pavement,  possibly  without  a  con- 
crete base.  It  passed  over  the  whole  length  of  a  brick-paved  street  with  a  con- 
crete base  without  making  indentations  or  even  marks.  In  Philadelphia  a  50- ton 
girder  was  hauled  on  two  2- wheeled  trucks,  with  12-inch  tires,  over  a  brick  pave- 
ment on  a  concrete  base.  The  wheels  broke  through  the  base,  and  sank  up  to- 
the  hubs  in  the  material  below.  The  load  per  wheel  was  4.8  tons  in  the  first  and 
12  tons  in  the  second  case;  the  load  per  inch  of  tire  was  about  the  same.  The 
concentrated  load  was  greater  in  the  second  case. 

KOSMOCRETE  CONCRETE  SIDEWALKS. 

Pavements  made  of  this  concrete  are  found  in  several  cities,  notably  ii> 
Brooklyn,  New  York,  where  200,000  square  feet  have  been  laid.  They  are  con- 
structed in  the  following  manner: 


KENTUCKY   ROCK   ASPHALT. 
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A  bottom  course  of  dry  cinders,  about  12  inches  thick,  is  ^aid.  Upon  this  is 
placed  a  4-inch  layer  of  concrete,  composed  of  8  parts  of  granulated  granite,  or 
sharp  gravel,  4  parts  of  li-inch  broken  stone,  and  1  part  of  Portland  cement; 
on  this  is  worked  a  facing  course,  1  inch  in  thickness,  composed  of  granulated 
granite,  a  small  percentage  of  silicious  grit,  Portland  cement,  and  carbon.  The 
purpose  of  the  granulated  granite  mixed  with  silicious  grit  is  to  prevent  the  surface 
from  becoming  slippery.  It  is  used  for  sidewalks,  stable  flooring,  and  paving  in 
public  buildings.  It  has  been  in  use  in  the  New  York  custom-house  for  a£)Qi 
4  years,  and  is  to  be  employed  in  the  new  terminal  stations  of  the  Brooklyn 
Bridge,  The  cost  ranges  from  25  to  85  cents  per  souare  foot.  An  experimental 
section  is  in  fair  condition  after  6  years*  service  under  heavy  traffic  in  Brooklyn* 
In  this  section  the  concrete  layer  is  6  inches  in  thickness.  At  the  middle  of  the 
street  the  surface  is  divided  into  rectangular  blocks  by  deep  grooves.  Time  most 
be  given  to  allow  the  cement  to  set  and  become  hard  before  opening  the  street 
to  traffic.  This  material  is  also  suitable  for  making  sewer-pipe.  (See  Ertgi- 
neeinng  News^  Jan.  8,  1895.) 

rORMULjE  FOR  DETERMINING  THE  HEIGHT  TO  WHICH  A  JeT  OF  WATER  WILL  BiSE. 

H  =  head  on  the  jet  in  feet; 

h'  =  .difference  between  the  height  of  head  and  hdght  of  jet ; 
d  =  diameter  of  jet  in  i  inch. 
Then 

h'=:^X  0.0125, 
a 

Discharge  by  the  jet  in  gallons  per  minute, 

G=   \^  H'x  (P  X  0.24. 
Example, — Lett?  =  1  inch  =  f  inch,  or  d  =  8;  2r=  445  feet.    Then 

J..       (445)* 

^  =  —Q^  X  0,0125  =  809  feet; 

and  the  height  to  which  the  jet  will  reach  =  445  =  309  =  136  feet, 

G'  =  V  445  X  64  X  0.24  =  324  gallons  per  minute. 

Nickel. 

This  metal  has  a  specific  gravity  of  8.8,  a  little  in  excess  of  iron,  namely, 
7.86.  It  has  greater  strength  than  iron,  and  is  practically  non-corrodible. 
It  can  be  welded  to  iron  and  the  two  metals  then  rolled  out  into  thin  sheets. 
It  is  used  to  a  large  extent  for  plating  purposes.  The  Canadian  Copper  Com- 
pany exhibited  a  block  of  practically  pure  nickel  weighing  4500  pounds.  It 
forms  alloys  with  other  substances,  such  as  copper,  zinc,  iron,  etc.,  known  com- 
mercially as  German  silver,  argentan,  tutenag,  etc. ,  but  its  most  important  alloy 
is  nickel  steel.  Meteoric  iron  contains  nickel,  is  perfectly  malleable,  and  may  be 
easily  forged  into  cutting  instruments.  Nickel  is  very  widely  distributed  over 
the  earth's  surface.  The  two  most  important  deposits  of  nickel  ore  at  present 
known  to  exist  are  found  on  the  Island  of  New  Caledonia  and  in  the  Province 
of  Ontario,  Canada.  Large  deposits  of  less  importance  occur  in  nearly  all  European 
countries,  and  in  the  United  States  important  deposits  are  found  in  Oregon  and 
Nevada,  and  are  known  to  exist  in  many  other  States — California,  Connecticut, 
New  York,  North  Carolina,  Michigan,  Missouri,  and  others.  The  New  Caledonia 
ores  are  what  are  known  as  hydrated  silicates  of  magnesia  and  nickel,  from  6  to  S 
per  cent,  and  are  intimately  associated  with  serpentine.  They  are  free  from 
copper,  sulphur,  and  arseaic.  The  Canadian  ores  consist  of  iron  sulphides,  with 
which  2  to  3  per  cent  of  nickel  is  associated.  The  nickel  is  accompanied  by 
copper.  Steel  alloyed  with  a  small  percentage  of  nickel  (3  to  4  per  cent) 
great  tensile  strength  with  a  corresponding  elastic  limit. 
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Construction  of  Stand-pipes. 

Stand-pipes  are  now  constructed  to  a  large  extent  of  steel  plates.  The  thick- 
ness of  these  plates  decreases  from  the  bottom  toward  the  top  of  the  stand-pipe. 
As  a  good  example  we  will  take  the  stand-pipe  at  East  Providence,  R.  I.  The 
completed  height  was  to  have  been  125  feet,  with  a  diameter  of  40  feet.  There 
^ve^e  85  courses  of  plates,  each  5  feet  in  height. 

Table  OV. 

Thicknesa 
Course.  in  Inches. 

9 * 

10 ; ii 

11 i 


Thickness 
I'oiirse.  in  Inches. 

1 lA 

2 lA 

3....- lA 

4 lA 

5 1 

6... « 

7 * 

8 :     « 


12 A 

18  to  14 , i 

15  "  16 ^, 

17  "20 I 

21  **25 ^j 


The  bed-plate  was  i  inch  in  thickness  and  41i  feet  in  diameter,  formed  of 
radial  strips.  The  Ify-inch  bottom  course  was  secured  to  the  bed -plate  by 
means  of  a  6  x  6-inch  angle,  double  riveted  with  1-inch  rivets,  spaced  2f 
inches  between  rivets  and  2i  inches  between  rows.  In  the  plates  of  the  pipes 
triple  riveting  with  IJ-inch  rivets  and  8-inch  laps  was  used  in  the  first  five 
horizontal  and  vertical  seams;  double  riveting  in  the  next  ten  horizontal  and  in 
the  remaining  vertical  seams;  and  the  last  five  horizontal  seams  were  single 
riveted.  The  stand-pipe  was  erected  by  using  inside  staging.  Its  diameter  was 
unusually  large,  considering  its  height.  It  was  constructs  of  excellent  material 
and  with  gooa  workmanship.  Its  collapse  is  considered  as  due  to  the  force  of  a 
severe  wind-storm.  At  the  time  of  failure  the  self-registering  anemometer  indi- 
cated a  maximum  velocity  of  about  38  miles  per  hour.  Several  days  preceding 
the  collapse  the  stand-pipe  was  slightly  lifted  on  the  windward  side  by  a  pressure 
from  the  wind,  having  a  velocity  of  60  miles  per  hour.  At  the  time  of  the  acci- 
dent the  stand-pipe  had  not  been  fully  completed.  The  topmost  coui*se  of  plates 
with  its  stiffening  angle  was  not  in  place.  It  had  been  pumped  full  of  water, 
without  showing  leaks  or  other  defects. 

The  stand-pipe  atMaryville,  Mo.,  was  135  feet  in  height  and  18J  feet  in  diam- 
eter. It  was  constructed  of  the  best  quality  of  steel  plates,  varying  in  thick- 
ness from  fl  to  A  inch.  It  was  anchored  to  a  substantial  foundation  by  means 
or  eight  pairs  of  2-inch  bolts  attached  to  plate  brackets,  which  reached  to  the 
top  of  the  second  course  of  plates.  This  structure  also  collapsed.  For  full  par- 
ticulars of  these  stand-pipes  and  the  causes  of  collapse  see  Engvieeriny  News^ 
May  10,  1894. 

Another  water-tower,  designed  by  Mr.  J.  Todd  for  the  new  water-works  sys- 
tem of  Parkersburg,  Iowa,  is  constructed  as  follows  :  Larimer  steel  columns  are 
used  for  tower  legs,  twelve  in  number;  the  four  inside  legs  are  vertical  and 
placed  at  the  comers  of  a  square  6i  feet  length  of  sides;  the  eight  outside  legs  are 
in  pairs  and  equidistant  from  the  centre  of  the  tower  and  at  14  feet  7  inches  from 
it;  these  have  a  batter  of  1  inch  in  1  foot.  The  entire  system  of  columns  is  braced 
wMth  5-in.  steel  I  beam  struts  and  from  j-  to  f-in.  round  steel  diagonal  rods.  Beams 
for  the  tank  platform  are  1,2-in.  I  beams  with  riveted  angle  connections  to  the 
tops  of  the  tower  legs ;  at  the  lower  extremities  the  columns  are  anchored  to  ma- 
sonry pedestals.  The  tank  itself  is  made  of  3-in.  pine  and  consists  of  twenty  staves 
and  is  24  ft.  in  diameter  at  bottom.  There  are  sixteen  hoops  of  steel,  varying  from 
6  X  A-in*  A^  bottom  of  tank,  to  3  x^-in.  at  top;  these  have  a  tensile  strength  of 
60,000  pounds  per  square  inch.  The  roof  of  the  tank  is  conical,  built  of  3  x  4-in. 
rafters  covered  with  1-in.  boards  and  shingles.  Each  hoop  has  three  sets  of  lugs 
and  bolts  for  tightening;  the  bottom  one  has  four  sets. 
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Water  is  pumped  from  six  artesian  wells  126  feet  deep  and  located  about  150O 
feet  from  the  tower.  It  is  conducted  to  consumers  through  about  2  miles  of  b-in., 
6-in.,  and  4-in.  cast-iron  mains.  The  {)ower  plant  consists  of  a  vertical  pump, 
with  10  X  36-in.  steam-cylinders  and  a  4-in.  water-cylinder.  Capacity  is  estimated 
at  3300  gallons  per  hour.  The  tower  proper  is  58  feet  high,  located  on  an  eleva- 
tion of  30  feet.    Pressure  afforded^  approximately  50  pounds  per  square  inch. 

Tback-lating  bt  Machinery. 

Strictly  speaking,  track-laying  by  machinery  simply  means  a  rapid  and  con- 
venient method  of  delivering  the  materials,  rails,  ties,  angle-bars,  and  bolts  and 
spikes,  to  the  front,  where  the  track  is  laid  in  ordinary  manner  by  the  track 
gangs.  In  the  ordinary  method  of  track-laying  the  ties  are  hauled  to  the  front 
on  wagons  drawn  by  horses,  or  are  pushed  by  hand  on  light  cars  or  trucks  to  the 
end  of  the  front  rail ;  in  either  case  they  are  unloaded  and  distributed  on  the 
road-bed.  The  rails  are  brought  forward  and  distributed  in  like  manner.  Tlie 
advantage  of  this  system  is  that,  as  the  loads  to  be  hauled  are  light,  it*  is  only 
n necessary  to  use  a  small  portion  of  the  full  complement  of  ties  upon  which 
to  lay  the  rails,  and  corresponding  numbers  of  spikes  and  bolts  are  used,  with  lit- 
tle attention  given  to  accurate  gauging  and  aligning  the  rails ;  but  what  is  thus 
left  undone  must  be  completed  by  other  gangs  following  close  behind  the  front 
one,  who  place  the  requisite  number  of  ties  under  the  rails  and  do  the  spikiug, 
bolting,  aligning,  gauging,  and  expansion-spacing  at  the  ends  of  the  rails.  So 
that  at  the  end  of  the  day  or  week  only  a  limited  actual  progress  has  been  made 
and  at  a  maximum  cost. 

Where  long  stretches  of  track  have  to  be  laid,  or  the  country  is  rough  and  rug- 
ged, or  hauling  either  difficult  or  impracticable,  it  has  been  found  to  be  more  eco- 
nomical and  rapid  to  deliver  all  materials  at  the  head  of  the  track  on  construction 
trains,  and,  to  facilitate  the  handling  of  material  on  tramways  with  narrow  gauge, 
rollers  and  other  fixtures  are  attached  to  the  sides  of  the  cars  or  on  the  can,  by 
means  of  which  rails  and  ties  can  be  conveniently  and  rapidly  transferred  to  the 
front  or  pioneer  car,  to  the  end  of  which  projecting  platforms  or  chutes  are 
attached,  and  down  which  the  materials  are  delivered  to  the  trackmen  and 
distributed  and  placed  by  them.  A  full  description  of  tramways,  chutes,  and 
general  arrangements  required  would  occupy  too  much  space  in  this  work.  Suf- 
fice it  to  say  that  there  are  three  track-laying  machines  in  common  use,  namely, 
Holman's»  Harris's,  and  Roberts's.  The  first  two  employ  hand-power  in  transfer- 
ring the  material  to  the  head  of  the  train  ;  the  last,  steam-power. 

A  full  description  of  these  machines,  with  methods  of  working,  daily  progress,, 
actual  and  Relative  costs,  number  of  men  required,  etc.,  can  be  found  in  Engineer- 
ing News^  Jan.  8, 1895,  from  which  is  also  taken  the  following  statement :  The 
track  in  advance  of  the  train  can  be  either  fully  bolted,  spiked  to  the  full  number 
of  ties,  or  can  be  left  in  a  partly  completed  condition  and  completed  by  gangs 
following  the  train.     As  to  the  speed  of  the  work,  the  average  is  from  \\  to  2^ 
miles  per  day,  varying  according  to  the  nature  of  the  ground,  the  weight  of  the 
rails  and  number  of  ties,  and  the  general  methods  of  working,  while  in  exee^)- 
tionally  fast  work  a  mile  has  been  laid  in  2  hrs.  50  min.  with  a  g:ang  of  8<^ 
men,  or  with  a  much  larger  gang  from  1300  feet  in  30  min.  to  11,000  feet  in 
8  hrs.  30  min.    On  the  extension  of  the  Burlington  &  Missouri  River  R  R.,  from 
Sheridan,  Wyo.,  to  Billings,  Mont.,  built  in  1894,  machine  track- laying  progressed 
at  an  average  rate  of  li  miles  per  day  with  a  force  of  85  men,  at  a  cost  of  about 
$100  per  mile.     Tra«k-laying  by  hand,  on  the  same  road,  was  let  by  contract 
about  eight  years  ago  at  $300  per  mile.    This,  however,  included  loading  the  ma- 
terial, and  higher  wages  were  then  paid  than  those  now  ruling.    Machine  track- 
laying  on  another  road,  about  seven  years  ago,  cost  about  $150  per  mile,  which 
may  perhaps  be  properly  compared  with  the  $300  per  mile  above.  On  another  road, 
where  machine  work  cost  $140  to  $170  per  mile,  hand  work  cost  $250  per  mile. 
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The  following  particulars  of  rate  and  cost  of  track-laying  in  the  nsaal  way  may 
be  of  intereety  but  of  course  variations  in  price  of  materituS  and  labor  will  pre- 
clude any  direct  comparisons.  In  1882,  on  a  Texas  railway,  a  track-laying  gang 
of  164  men  in  all,  with  18  teams,  could  lay  li  miles  of  rails  per  day,  but  could  not 
keep  up  the  back  work  and  lay  much  more  than  1  mile;  the  cost  per  working  day 
averaged  |392,  which  probably  represented  the  average  cost  per  mile.  In  1883, 
on  the  Western  Division  of  the  Canadian  Pacific  By.,  track-laying  with  a  force  of 
800  men  and  85  teams  (about  180  men  in  the  track  gang  proper)  averaged  2^ 
miles  per  day,  the  highest  records  being  half  a  mile  in  85  minutes,  6.02  miles  in 
one  day  (6  miles  100  ft.  of  main  track  and  1800  ft.  of  side  track,  all  full  tied,  full 
bolted,  and  full  spiked),  and  25.86  miles  in  one  week  (4.31  miles  per  day).  It  has. 
been  stated  that  the  cost  of  track-laying  by  hand  costs  from  $292  to  |350  per  mile,, 
but  on  the  Atchison,  Topeka  &  Santa  Fi  By.  track-laying  with  a  force  of  164  mcD 
for  laying  two  miles  of  track  per  day  cost  $170  per  mile  for  labor  only,  or  $247  for 
the  labor  of  track-laying  and  surfacing. 

With  machine  track-laying  some  records  are  as  follows  :  Fargo  &  Southern  B. 
B.,  1884, 1^  miles  per  day  with  40  men  ;  Northern  Pacific  B.  B.,  1886,  8400  feet  in. 
8  hours  with  67  men  (fully  tied,  bolted,  and  spiked) ;  Northern  Pacific  B.  B.,  1889, 
4000  to  5000  feet  per  half-day  (work  delayed  by  bridging,  etc.),  and  9000  feet  in  6 
hours  (full  tied,  half-bolted,  and  quarter-spiked) ;  Lake  Shore  &  Eastern  B.  B., 
1890, 1  mile  in  8  hours  ;  Great  Northern  By.,  1891,  1\  miles  per  day  for  82  days 
and  50  miles  in  25  days  ;  Nelson  &  Fort  Shepard  By.,  1894,  an  average  of  2  miles- 
per  day.  In  one  case  18,200  feet  were  laid  in  9  hi^s.  45  min.  with  a  crew  of  85. 
men. 

The  Great  Blast  at  Hell  Gate. 

The  following  facts  are  taken  from  Van  JS^ostrarKTs  Magazine,  Nov.,  1876: 

The  work  for  the  purpose  of  removing  this  obstruction  to  navigation  was  com- 
menced in  July,  1869,  by  building  a  coffer-dam  between  high-  and  low-water  marks. 
This  dam  was  finished  in  October,  and  the  sinking  of  a  hu^e  shaft  immediately  en- 
sued. This  shaft  or  pit  measured  117  ft.  in  its  greatest  length  and  62  ft.  in  its 
greatest  width  ;  the  depth  below  low  water  was  33  feet.  From  the  bottom  of  the 
shaft  10  headings  were'  driven  ;  these  radiated  under  the  entire  reef  ;  they  were 
from  10  to  22  feet  high,  with  an  average  length  of  270  feet.  These  were  con- 
nected by  cross-galleries  at  30- foot  intervals ;  they  were  roughly  of  the  same  sec- 
tion as  the  main  headings.  The  whole  space  was  thus  converted  into  a  vast 
honeycomb,  the  roof  of  solid  rock  under  the  river  being  held  up  by  the  columns- 
left  to  support  it.  These  columns  were  finally  reduced  as  much  as  was  deemed 
prudent  by  minor  headings,  until  173  piers  were  formed,  each  averaging  10  feet 
in  thickness.  The  entire  reef,  covering  an  area  of  three  acres,  was  thus  under- 
mined. The  aggregate  length  of  tunnels  and  galleries  driven  under  the  bed  of 
the  river  was  7426  feet. 

From  the  excavation  47,461  cubic  yards  of  rock  were  removed  by  drilling 
and  blasting;  this  operation  required  208,174  lineal  feet  or  39^  miles  of  drill- 
holes, of  which  90,107  feet  in  depth  were  drilled  by  hand  and  118,077  feet  by 
various  kinds  of  machine  drills  worked  by  compressed  air.  The  following  quan- 
tities and  kinds  of  explosives  were  used  in  blasting  the  rocks:  blasting-powder, 
24,431  pounds;  nitro-glycerine,  26,471  pounds;  giant  powder,  1932  pounds; 
mica  powder,  600  pounds;  vulcan  powder,  4017  pounds;  rendrock,  1500  pounds — 
total,  58,951  pounds.  In  exploding  these  compounds  63,756  exploders  and 
831,516  feet  or  62i  miles  of  Bickford's  safety-fuse  were  used.  In  all  about 
75,000  blasts  were  fired. 

The  us.ual  method  of  driving  a  tunnel  was  as  follows:  The  face  of  the  rock 
was  pierced  obliquely  with  as  many  drill-holes,  from  three  to  four  feet  in  depth, 
as  were  deemed  necessary;  the  charges  were  then  prepared  by  placing  the  explo- 
sive in  water-tight  paper  cartridges  from  8  to  12  inches  in  length,  and  containing 
from  8  to  12  ounces  of  explosive;  into  each  of  these  cartridges  was  inserted  a 
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copper  cap  containing  mercury  fulminate  fastened  to  the  end  of  a  piece  of  safety- 
fuse,  generally  about  5  feet  in  length.  A  cartridge  was  then  pushed  to  the 
bottom  of  each  hole,  which  was  filled  with  water.  The  end  of  the  fuse  hangiDg 
from  the  hole  was  ignited.  The  broken  rock  was  carried  in  cars  holding  a&>ut 
one  third  cubic  yard  each,  pulled  by  mules  to  the  floor  of  the  shaft,  where  a 
derrick  worked  by  steam  power  hoisted  the  loaded  car  to  the  surface,  and  thence 
hauled  to  the  spoil-bank.    The  excavation  was  completed  in  the  year  1875. 

Also  holes  were  drilled  in  the  supporting  columns  and  the  roof  above  prepar- 
atory to  bringing  down  the  roof.  The  holes  were  bored  in  the  columns  at  verti- 
cal intervals  of  about  2  feet,  the  depths  of  the  holes  averaging  10  feet,  and  in 
the  roof  near  the  tops  of  the  columns. 

There  were  in  all  4462  charged  holes  containing  52,206  pounds  of  explosives. 
Three  different  kinds  of  explosives  were  used,  namely,  dynamite,  rendrock,  and 
giant  powder.  The  cartridges  were  metallic  and  all  of  the  same  length,  about  1 
foot  and  11  inches,  but  the  diameters  varied,  four  different  sizes  being  used,  2t. 
2,  H,  and  1}  inches.  The  smallest,  containing  10  pounds  of  explosive,  was  plaeeii 
in  the  bottom  of  the  hole,  over  which  in  succession  three  other  cartridges  were 
placed.  Special  precautions  were  taken  to  mark  the  charged  holes  and  to  insure 
electrical  connection  with  each  and  every  hole.  In  each  bole  an  exploding  cart- 
ridge about  one  foot  in  length  and  lined  with  vulcanite  was  placed.  The  ex- 
plosion of  the  flrst  cartridge  was  relied  upon  to  cause  the  explosion  of  others  in 
the  same  hole. 

Electrical  connection  was  then  made  between  the  exploding  cartridges  and  the 
batteries,  and  all  charges  fired  simultaneously.  No  tamping  of  any  kind  was 
used,  but  before  the  charges  were  exploded  water  was  admitted  to  fill  the  work- 
ings, and  proved  sufficient  for  the  purf>ose. 

The  charges  were  arranged  in  battery  groups,  and  there  were  1S4  of  these 
groups.  The  wires  of  a  group  were  connected  each  to  each.  There  were  960 
bichromate-of -potash  cells,  divided  into  23  batteries  of  about  42  cells  each,  con- 
nected for  intensity.  Each  battery  exploded  8  groups  of  holes  or  160  fuses  in 
continuous  circuit.  The  wires  from  the  batteries  to  the  charges  were  insulated 
by  a  gutta-percha  coating  and  placed  in  wooden  boxes.  The  circuit-closer  con- 
sisted of  28  brass  pins  which  were  to  drop  simultaneously  into  28  mercury  cups, 
thus  closing  each  battery  circuit  at  the  same  instant. 

The  entire  work  was  under  the  control  of  Gen.  Newton,  who  reported,  after 
sounding  over  the  area,  that  the  results  were  entirely  satisfactory. 

Concrete  and  Steel  Foundations. 

Given  a  load  uniformly  distributed  over  a  certain  length  of  the  top  of  a  beam, 
what  is  the  safe  projection  of  the  beam  beyond  this  distributed  load,  assuming 
that  the  beam  distributes  the  same  total  load  uniformly  over  its  bottom  surface  r 
In  the  following  analysis  the  weight  o(  the  beam  itself  is  neglected. 

Let  the  intensity  of  the  load  over  a  length  h  of  the  top  of  the  beam,  p.  457, 
corresponding  to  AJ)  in  Fig.  169,  be  Wi ,  and  that  over  the  entire  length  /•  of  the 
bottom  EF  in  Fig.  169  be  w^;  then  in  order  for  the  loads  to  be  the  same,  and 
neglecting  the  weight  of  the  beam  itself,  we  must  have  hwi  =  ItHh. 

Let  M  be  the  bending  moment  at  an^  point  within  the  area  of  the  base  of 
the  column  or  pier,  and  distant  x  =  Alf  from  its  outer  edge.    Then 

^- = -2-(-T- +  *] - 


8 •'• 

Since  the  entire  upward  pressure  on  the  portion  of  the  beam  between  A  and  if  is 

t^al — ^ —  +  ^1  and  its  lever-arm  is  r  I — r —  -i-  ajj, 

the  downward  pressure  of  the  load  on  that  portion  of  the  beam  =  AH=  x  =  tfi^ 
and  its  lever-arm  =s  ^x.    In  both  cases  the  pressure  being  uniformly  distributed. 
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Mx  in  eq.  (1)  is  a  maximuin  when  x  =  •        _  t^  )' 

dMrr  lU  —  Ix        \  -,  -  .  dlf^      _ 

Since  ~  =  wA — r —  +  ir J  —  WiX,  and  for  a  maximum  -^  =  0, 

,'.w,{—^  +  xj^WxX:=0;    .',  X  =  2^^^^  _  ^-^y 
Substituting  this  value  of  x  in  eq.  (1),  there  results  after  reduction 

Max.  M  = 5 .  — 7-  = Q .  7 r.    .    .    .     W 

since  tt7,Zi  =  t^;aZ,, 

Max.  3f  =  ^f!^-ii> (8> 

Let  n  be  the  number  of  beams  and  W=  the  total  load  on  the  foundation; 

W 
then  nwth  =  TT,  and  ti^a^a  =  — ,  which  substituted  in  eq.  (3)  gives 

Max.Jf=— g^j— (4) 

If  in  eq.  (1)  a;  =  0,  we  have 

Jfo  = g = Q and    Q—  =i7zrrt' 

which  substituted  in  eq.  (3)  gives 

Max.  if  =  5-^  Jfo (5) 

Noting  that  Mq  is  the  bending  moment  at  the  outer  edge  A  of  the  base  of  the 
load  or  column,  and  that  it  has  been  usual  to  take  J/o  for  determining  the  safe 
projection  of  the  beam,  and  from  eq.  (5)  maximum  bending  moment  M  is  always 
greater  than  Mo ,  therefore  the  bearms  may  be  greatly  overstrained  considered 
simply  as  beams  unsupported  laterally  by  the  concrete. 

Applying  the  above  equations,  see  Engineering  News^  Nov.  8,  1894. 

A  foundation  consisting  of  a  top  course  of  nine  15-inch  I  beams,  50  pounds 
per  foot,  supporting  a  column  with  a  base  5  feet  square.  The  length  of  the  beam 
Za  :=  15  feet  8  inches,  and  Zi  =  5  feet.  The  length  of  the  projection  was  deter- 
mined from  Mo,  and  extreme  fibre  strains  of  20,000  pounds  per  square  inch  were 
used.  Referring  to  eq.  (5)  it  is  seen  that  whereas  a  maximum  fibre  strain  was 
supposed  to  be  20,000  pounds,  the  actual  maximum  fibre  strain  was  =  20,000  x 

I  15'  8" 

,   ^  ^  =  20,000  X  ToToTT  =  29,375  pounds  per  square  inch. 

The  second  course  consists  of  31  steel  rails  9  feet  10  inches  long ;  the  third 
course  is  of  19  rails  21  feet  4  inches  long,  and  the  bottom  course  is  of  80  rails  15 
feet  11  inches  long.  These  i*ails  weigh  75  pounds  per  yard  and  measure  4}  inches 
iu  height  and  width  of  base.  An  extreme  fibre  strain  of  16,000  pounds  per 
square  inch  was  used.  If  these  rails  have  an  extreme  fibre  strain  of  16,000 
pounds  where  the  moment  was  taken,  they  have  an  extreme  fibre  strain  at  the 
point  where  the  moment  is  a  maximum,  as  indicated  in  eq.  (5),  in  the  three  courses 
of  32,200  pounds,  60,000  pounds,  and  41,000  pounds  per  square  inch,  respectively, 

found  by  multiplying  16,000  by  ,  J  ^,  after  giving  h  and  /,  their  respective 

values  in  the  three  courses.  The  second  course  from  the  bottom  seems  to  be  sub- 
jected to  a  stress  dangerously  near  its  ultimate  tensile  strength.  The  load  on 
the  colutnn  i.s  U 166, 000  pounds,  from  which  and  the  relative  lengths  of  its  base 
and  the  lengtiis  of  the  beams  and  rails  J/a  was  calculated. 
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By  referring  to  the  table  in  the  front  portion  of  this  volome  (page  965)  it  will 
be  seen  that  beams  supported  laterally  are  very  much  stronger  than  those  unsup- 
ported; so  while  theoretically  some  of  the  layers  of  beams  in  the  example  are 
overstrained,  practically  they  may  not  be,  as  no  consideration  was  taken  of  this 
fact.  **  Of  course  it  is  admitted  that  nothing  like  exact  figures  are  available  for 
computing  the  strength  of  a  composite  mass  of  concrete  and  iron,  while  the 
strains  which  the  beams  will  stand  if  the  concrete  were  absent  can  be  very  closely 
calculated.  The  real  question  is,  Which  method  of  computation  will  give  ihe 
best  idea  of  the  actual  strength  ?  And  on  this  question  there  appears  to  be  plenty 
of  room  for  honest  difference  of  opinion." 

LiME-MOBTAR. 

Mortar  made  of  lime  and  ordinary  sand  which  contains  little  soluble  sflica,  in 
its  hardening  process  may  continue  for  centuries,  while  with  pozzolanas  which 
are  rich  in  soluble  silica  the  hardening  is  of  sufficient  quickness  to  warrant  the 
use  of  these  mortars  in  damp  localities  and  even  under  water. 

The  santonin  earths  and  trass  confer  hydraulicity  upon  fat  limes.  Both  of 
these  are  richer  in  silica,  alumina,  and  alkalies  than  the  Roman  pozzolana,  while 
they  contain  neither  sand  nor  water.  The  pozzolana  of  Rome  contains,  in  100 
parts,  48  parts  of  salica,  14.8  of  alumina,  3.9  of  magnesia,  10  of  oxide  of  iron, 
7.7  of  lime,  4  of  alkalies,  8  of  sand,  and  9.1  of  water. 

These  substances,  mixed  with  lime  in  the  proper  proi)ortions  and  in  the 
presence  of  water,  combine  and  harden  in  eveiy  respect  similarly  to  Portland 
cement. 

The  Tehuantepeg  Ship-railway. 

The  length  of  this  railway  will  be  154  miles.  Its  estimated  oost  is,  including 
improvements  of  terminal  harbors,  $8,000,000.  The  through  traffic  is  estimated 
at  5,288,087  tons,  and  the  gross  receipts  from  all  kinds  of  traffic  will  be  over 

410,000,000. 

Steam.  -  Sail. 

Register  tonnage 2,585,202  8,958,891 

Equal  to  cargo  tonnage 8,250,000  6,400,000 

By  whomsoever  operated,  this  route  is  certain  to  effect  a  revolution  more  far- 
reaching  and  more  important  to  the  commerce  and  industry  of  the  world  than 
that  which  followed  the  construction  of  the  Suez  Canal. — Mr.  B,  L.  CortheU  in 
Engineering  Magazine^  Nov.  1894. 

Preservation  op  Stone. 

Paratfine  melted  and  heated  in  a  painter^s  furnaise  is  the  best  material  for 
rendering  natural  stones,  concrete,  and  brickwork  impervious  to  water.  If  dis- 
solved in  the  proportion  of  i  parafflne  and  )  kerosene  it  remains  soft  longer  and 
penetrates  the  stone  further.  Paraffine  is  unaltered  by  weather  or  acids.  If  well 
melted  in,  it  does  not  change  the  color  of  the  stone,  it  simply  deepens  the  color 
like  water.  It  is  very  cheap,  easily  applied,  and  efficacious.  It  is  most  easily 
applied  in  hot  weather. 

Reuance  Building,  Chicago — Abstracts  From  SPEcmcATioNB. 

The  material  employed  shall  be  open-hearth  or  Bessemer  steel  containing  not 
over  0.1  per  cent  of  phosphorus,  ultimate  net  strength  in  tension  60,000  poonds 
per  square  inch,  elastic  limit  80,000  pounds,  elongation  25  per  cent  in  8  inches, 
reduction  of  area  at  point  of  fracture  45  per  cent. 

A  duplicate  test  from  each  blow  or  cast  and  furnace  heat  will  be  required. 
It  must  stand  bending  through  180°  over  a  mandrel,  whose  diameter  is  H  timesi 
the  original  thickness  of  specimen  without  showing  signs  of  rupture  either  on 
convex  or  concave  side  of  curve.  After  being  heatod  to  a  dark  cherty  and 
quenched  in  water,  100°  Fahr.  must  stand  bending  as  before. 
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No  steel  beam  or  angle  shall  be  heated  in  a  forge  or  other  fire  after  being 
rolled,  but  shall  be  worked  cold  unless  subsequently  annealed. 

Rivet-steel  shall  have  an  ultimate  tensile  strength  not  less  than  56,000  pounds 
nor  more  than  62,000  pounds  per  square  inch,  elastic  limit  30,000  pounds,  elonga- 
tion 25  per  cent  in  8  inches,  and  reduction  of  area  of  50  per  cent. 

Specimens  of  original  bar  must  bend  180^  close  down  on  itself  (as  before 
described),  and  must  stand  cold  hammering  to  one  third  its  original  thickness 
without  flaying  or  cracking,  and  stand  quenching  as  described. 

Wrought  iron  shall  be  tough,  fibrous,  and  uniform  in  quality,  elastic  limit  not 
less  than  26,000  pounds  per  square  inch.  It  should  be  thoroughly  welded  during 
rolling,  free  from  injurious  seams,  blisters,  buckles,  cinders,  or  imperfect  edges. 
Ultimate  strength  50,000  pounds  per  square  inch,  elongation  18  per  cent  in  8 
inches.  Specimens  taken  from  angle  and  other  shaped  iron  shall  have  an 
ultimate  strength  of  50,000  pounds,  elongation  15  per  cent  in  8  inches.  All  iron 
and  specimens  from  plate,  angle,  and  shape  iron  must  bend  cold  through  90^  to 
s.  curve  having  a  diameter  not  over  twice  the  thickness  of  piece  without  fracture. 
When  nicked  on  one  side  and  bent  by  a  blow  from  a  sledge,  the  fracture  must 
be  nearly  all  fibrous,  showing  but  few  crystalline  specks. 

Oast  iron  to  be  of  the  best  quality  castings,  clear  and  free  from  defects  of  every 
kind,  boldly  filleted  at  the  angles,  and  arrises  short  and  perfect.  A  bar  1  inch 
square  and  5  feet  long,  4i  feet  between  bearings,  shall  support  a  centre  load  of 
550  pounds. 

The  columns  for  all  sizes  consist  of  a  number  of  angles  riveted  together;  safe 

load  persq.in.  =  17,100  —  57—,  ends  of  columns  assumed  to  be  fixed. 

Piles. 

Piles  should  be  stripped  of  the  bark  before  driving.  It  is  not  necessary  nor 
•desirable  to  sharpen  their  small  ends  when  driving  into  soft  materials.  When 
necessary  they  may  be  shod  with  some  form  of  iron  point.  Most  iron  shoes,  how- 
•ever,  are  very  imperfect  and  do  little  good.  For  full  discussion  of  these  matters 
^ee  work  on  Foundations  by  the  author. 

Piles  are  now  sometimes  encased  in  iron  or  clay  pipes  between  mud  line  and 
low  water;  the  space  between  the  two  is  then  filled  with  cement-mortar.  This 
lias  been  found  to  give  protection  against  the  attacks  of  sea-worms. 

Aluminum  and  Aluminum  Bronze. 

In  the  Engineering  Magazine j  December,  1894,  is  found  an  interesting  and 
instructive  article  headed,  **  Aluminum,  the  Superabundant  Metal. ^'  **  Alumi- 
num is  destined  in  the  near  future  to  enter  abnndantly  into  the  affairs  of  men, 
to  reach  a  production  comparable  with  those  of  tin  or  copper,  and  rapidly  to  be- 
come as  cheap  as  those  metals,  at  least  for  equal  bulk." 

'  *  So  far  as  we  know,  the  solid  portions  of  our  planet  is  more  than  one-half 
oxygen.  This  no  chemist  believes  to  possess  a  metallic  form.  Of  silicon,  the 
next  clement  in  order  of  abundance,  we  cannot  say  the  same,  as  it  undoubt- 
edly forms  many  metallic  alloys  and  may  yet  be  discovered  in  the  metallic 
r'orm.  The  element  next  in  abundance,  aluminum,  forms  certainly  as  much  as  8 
(possibly  10)  per  cent  of  the  shell  of  the  earth  of  the  sixteen  miles  in  thickness 
that  we  can  explore.  It  is  therefore  by  far  the  most  abundant  of  the  known 
metals.  The  chemical  history  of  the  formation  of  the  earth's  shows  that 
aluminum  is  exceptional  in  several  respects.  Though  not  difficult  to  dissolve  in 
water  by  the  aid  of  alkalies,  yet  natural  and  even  alkaline  waters  contain  none. 
Hence  it  does  not,  like  other  abundant  elements,  flow  from  springs,  pass  through 
rivers,  and  diffuse  throughout  the  ocean.  Though  abounding  in  soils,  it  is  not 
-absorbed  by  plant  excretions  and  products  of  decay,  which  dissolve  other  mineral 
matters.     Hence,  during  the  vast  erosions,  degradations,  and  sifting  of  the  ma- 
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terials  of  oontinents,  alumiuum  has  remained  in  concentxated  forms,  and  in  tha 
debris  is  possibly  as  abundant  as  the  all-pervading  element  silicon.  The  oi^m- 
monest  mica  muscovite  (potash-mica)  is  its  abundant  ore,  containing  20  per  oeDC 
of  aluminum.  Clay  contains  21  per  cent ;  dehydrated  clay»  24i  per  cent :  emer}*, 
31i  per  cent ;  corundum,  52i  per  cent ;  and  bauxite  (now  the  favorite  ore),  28  to 
31i  per  cent.  Bauxite  was  formerly  found  only  in  Europe,  but  was  recently  dis- 
covered in  Georgia,  Alabama,  and  Arkansas.  It  is  hydrate  of  alumina,  with  a 
little  iron  oxide  and  silica.  It  has  to  be  converted  into  pure  alumina,  and  there- 
fore has  but  small  advantage  over  clays,  w^hich  in  time,  on  a  larger  scale,  will 
supplant  it.  But  now  bauxite  is  the  only  important  ore.^*  The  various  attempts 
and  processes  of  obtaining  the  metal  aluminum  is  fully  traced. 

The  French  chemist  I^ville,  in  1854,  worked  first  with  potassium,  then  with 
sodium,  and  finally  by  electrolyses,  as  also  did  Bunsen,  in  Germany.  The  dis- 
covery of  electrolytic  aluminum  is  due  to  one  of  the  two.  In  America,  Castner, 
in  1886  brought  out  his  sodium  process,  making  aluminum  at  a  cost  of  18  cents 
a  pound.  "We  should  ere  this  have  had  cheap  aluminum  by  sodium  but  for  the 
amazing  advancement  of  electro-magnetic  machinery.  This  gave  birth  to  the 
American  Cowles  process  for  alloys,  and  the  American  Hall  and  French  Heroalt 
processes  for  rich  metal,  which  now  control  the  aluminum  industry. 

In  this  article  the  processes  of  getting  aluminum  will  not  be  described.  Some 
of  the  more  important  physical  and  chemical  properties  of  commercially  pui« 
aluminum — not  containing  over  2  per  cent  of  iron  and  silicon — are :  Color!  ''sil- 
ver white,"  with  a  shade  of  violet  or  lavender  ;  when  *'  matted  "  by  an  alkali,  fol- 
lowed by  an  acid,  it  exhibits  a  beautiful  dead-white  surface.  It  takes  a  hi^h 
polish  and  burnish.  Its  specific  gravity  ranges  from  2.6  for  ingots,  to  2.61  fur 
wrought  and  rolled,  and  2.67  to  2.8075  for  foil.  While  a  cubic  foot  averages  1(>5 
pounds,  one  of  silver  weighs  656  pounds.  At  present  prices  of  the  two  alumi- 
num 70  cents  per  pound  avoirdu|x)is,  and  silver  60  cents  per  ounce  troy — sptjons, 
forks,  cu|>s,  etc.,  of  silver  should  cost  12^  times,  and  with  aluminum  at  50  cenrs 
per  pound  (as  in  Europe)  19  times,  as  much  as  those  of  aluminum." 

It  is  about  as  malleable  as  gold  and  silver,  can  be  drawn  into  fine  wire  and 
tubes,  forged,  stamped,  pres.sed,  and  spun  into  all  shapes,  and  1:)eaten  as  thin  as 
gold,  but  does  not  become  translucent.  It  resists  oxidation,  but  loses  its  liistrt?, 
which  can  be  restored  by  rubbing.  It  is  not  corroded  by  sulphur  com|Kmn(K 
Alkalies  and  hydrochloric  acid  dissolve  it.  **  Mercury,  made  to  enfilm  ii,  causes 
it  to  oxidize  energetically."  It  melts  at  some  temperature  between  the  nieliiug- 
points  of  silver  and  zinc.  It  volatilizes  in  the  electric  arc,  but  not  in  any  fur- 
nace fire.  The  specific  heat  is  twice  that  of  iron,  quadruple  that  of  silver,  ami 
nearly  seven  times  that  of  gold.  Aluminum  foil  rolled  to  -^^^  inch  is  suiwrvtHi- 
iug  silver  for  decoration. 

"The  uses  for  the  lower  grades  of  aluminum  are  as  yet  comparatively  re- 
stricted. The  veneering  of  non- metallic  surfaces  and  the  plating  of  metallic  sur- 
faces will  be  important  also  for  protective  purposes.  Here  its  persistence',  resist- 
ance to  corrosion,  color,  softness,  and  pliability  are  paramount  to  its  li.£^hiues». 

Tlie  uses  of  the  commercially  pure  metal,  say  94  to  95  per  cent,  mu»i  soi>ii  Jie- 
come  more  numerous.  From  a  ix)ssible  mode  of  coating  iron  with  such  metal,  .is 
now  with  tin  or  zinc,  a  very  important  industry  would  rapidly  rise,  in  which  al- 
loys would  also  be  employed.  The  principal  uses  for  these  grades  are  now  far 
making  alloys,  and  as  an  addition  to  molten  steel  and  iron.  In  the  order  of  their 
iuiportjince  are  :  alloys  with  copper  (bronzes),  copper  and  zinc  (brasses),  iron  and 
steel,  zinc  (for  galvanizing),  lead  and  antimony  (type-metals),  manganese,  silver, 
nickel,  tin.  Cowles'  *' Al  "  bronze,  made  from  corundum,  tests  from  95.000  to 
128,000  pounds  per  square  inch.  Heroult-process  bronze  has  stood  from  50.01K) 
to  90,000  pounds.  Unlike  steel,  these  bronzes  are  softened  by  chiUiug.  In 
electric  conduction  they  are  close  to  copper.  Alloys  with  nickel  possess  a 
rigidity  equal  to  that  of  the  best  steel. 
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ALUMINUM  BRONZE. 

{Engineering  News,  Oct.  11,  1894.) 

In  the  same  sense  that  steel  is  a  carbide  of  iron,  aluminum  bronze  is  an  alum- 
inide  of  copper.  It  is  a  metal  showing  the  fracture-qualities  of  the  highest 
grades  of  steel,  and  equalling  steel  in  elongation,  elastic  limit,  and  tensile  strength, 
and  possessing  also  a  different  class  of  properties.  This  series  of  metals  is  non- 
magnetic. They  are  very  permanent.  The  oftener  they  are  remelted  the  better, 
providing  they  are  kept  free  from  oxygen,  iron,  and  silicon.  The  value  of  tiie 
metal  is  just  as  great  after  the  tool  has  outlived  its  usefulness  as  it  was  at  the  be- 
ginning, and  for  all  cases  in  which  non-magnetic  properties,  or  high  conductivity, 
or  extremely  uniform  and  permanent  behavior  are  required,  ^ou  have  the  ideal 
metal.  One  of  the  chief  reasons  why  steel  and  iron  hold  their  high  value  is  the 
fact  that  they  are  commercially  workable,  and  the  metal  does  not  lose  its  me- 
chanical properties  throughout  the  range  of  the  temperatures  of  ordinary  use. 
That  is  not  true  of  any  of  the  alloys  of  copper  made  with  tin  or  zinc,  but  it  is 
true  of  aluminum-bronze. 

The  hold-down  bolts  for  the  plates  of  mortar-batteries  along  the  coast  have 
been  made  of  this  material.  It  requires  a  submerged  bolt  to  take  a  strain  of  200,- 
000  pounds  per  bolt,  to  remain  years  in  place,  and  yet  to  afford  a  guaranty  that 
at  the  end  of  years  and  after  any  number  of  firing-shocks  that  bolt  shall  be  un> 
changed. 

The  metal  will  far  surpass  the  present  requirements  for  cartridge-shells,  which 
are  made  from  flat  disks,  spun  and  swedged,  and  thus  gives,  perhaps,  the  sever- 
est test  that  we  have  of  the  complete  working  qualities  of  sheet  metal.  The  al- 
ready great  value  of  aluminum  and  its  alloys,  the  many  uses  to  which  it  can  be 
applied  and  the  many  articles  manufactured  of  it  or  of  its  alloys,  the  important 
part  it  plays  in  the  manufacture  of  other  substances,  especially  its  influence  over 
iron  and  steel,  render  it  one  of  the  most  important  metals. 
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Absorption  of  water  by  gronnd. 70  9 

Abutments,  arches 690  45 

foundations  for 884to892  38 

layingout 5  1 

locating 6,  7  1 

U,  T,  and  wing,  construction  of 568to571  4^ 

Air-locks 488  to  440  88 

discbarge  and  supply  pipes • 440  88 

Alignment  of  roads 52  7 

Alloys;  composition,  strength 188  19 

Angle  of  repose  of  earth ;.  468  89 

table 54,540  to544  7,42 

Annealing,  tempering,  hardening 805,  884     80  84 

Areas,  drainage 66  9 

of  cross-sections  in  earthwork 488  89 

Arches,  abutments  and  piers  for 690  45 

and  ribs,  linear 622to628  44 

brick 688  46. 

centringfor 687  to  690  45 

circular  and  elliptic 624  44 

conditions  of  stability 640,  641  45 

concrete 696,  705  to  710  45 

concrete,  Monier  system,  wire,  or  angle-iron 709,  710  45 

costof 694  45 

Culman's  principle 1018  58 

culverts 700,701  45- 

dimensions  of 699  45 

equilibrium,  conditions  of 1012  63 

examples,  theoretical 657  45 

practical ; 658  to  660  45 

failureof 647,648  45 

for  bridges 691  to  701  45 

full  centre  and  segmental 689,  660  45 

geostatic 682  to  686  44 

graphical  solution  (Rankine) 670  to  676  45 

(ordinary) 676  to  679  45 

(Scheffler) 679  to  688  45 

hydrostatic 629  to  681  44 

Joint  of  rupture 642  to  658  45 

lines  of  pressure  in 670  to  688  45 

masonry,  construction  of ; 687  to  660  45 

piers  for 690  45 

practical  application  of  principles ...  661  to  669  45 

skew 684to687  45 

spans  of 694  45 

stone  for 499  40 

theory  of,  conclusions , 636  44 

under  high  embankments 697,  698  45 
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Arches,  solid  and  braced  elastic ...  1011  to  1034  53 

conditions  of  eqallibriam 1012  63 

Cubnan's  principle 1013  53 

deflection 1017  53 

defined 1011,  1012  53 

force  and  eqallibriam  polygon, 

1012,  1013  53 

maximum  stresses  in 1013  to  1016  53 

metal 1014  53 

parabolic  rib,  with  hinges  1018,  1019  53 

parabolic  rib,  wHh  fixed  ends. . .  1021  53 

temperature  stresses 1020  53 

Artificial  stone,  brick,  terra-oottaj  etc 125  to  131  13 

cement  mortar 168  to  165  17 

Ashlar  masonry 508  to  513  41 

Asphaltum 806,807  48a 

Asphalt,  mastics,  and  concrete 164  17 

artificial 810,811  ;    48a 

B 

Backing  or  filling  stone  in  masonry ; 500  ^ 

Balance  of  forces 199  to  205  22 

BaUast 1024  54 

Base-lines,  measuring .' 8  1 

bars 8  1 

Beams  and  girders,  bending  and  shearing  stresses 888  49 

built 882to884  49 

cantilever 974,  975  52 

in  foundations  (see  also  Supplement)  388  38 

castiron 865  to  878  49 

continuous,  general  discussion 348  to  366  36 

over  two  points 354  38 

examples 858  to  366  36 

compared  with  discontinuous  358  to  366  36 

\p                       curved,  deflection  of 1017  53 

defined 220  23 

deflection  of 338  to  847,  870  to  874,  881  35, 49 

fixed  at  one  end 341  35 

supported  at  both 342  35 

two  methods  compared 343,  344  85 

dimensions  and  construction 883  49 

equal  strength 874  49 

fixedatoneend 221  33 

supported  at  both  ends 222  23 

forms  of  cross-section 821  to  824,  882  33,49 

Inclined 208  22a 

moments  of  inertia 866  to  868  49 

bending 316.  916to919  32,50 

masdmum 196,  220to230  21,23 

moments,  bending  resistance  to 314  to  319  82 

ratio  of  depth  to  length. .  845, 346,  875  to  877,  881     35,  49 

rivets,  spacing  and  number 883  49 

simple  trussed 887  to  896  50 

shearing  in 824  to  329,  919  to  921     34.50 

web-plate 883(a)  49 

solid,  rolled,  strength  of 878,  879  49 
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Beams  and  girders,  steel  and  wrou^t  'iron 878,  883  49 

strengthof 866to868,  888  49 

uniform '. 366  87 

stiffened  laterally 881  49 

trapezoidal,  under- trussed 891  to  894  50 

triangular,         ^*         •*       890  to  894  50 

and  trapezoidal  over- trussed 895  50 

Beton  agglomere,  Coignet  beton 163  17 

Bitumen 164,806  17,48a 

Bituminous  stones 808,  809  48a 

Blasting  rock  in  excavations. 465  89 

Block-iu-course  masonry .     508  to  518  41 

Bolts  and  rivets,  shearing  strength 333  84 

Bond,  in  masonry 502,  509,  518  41 

Borings ; •. 399  88 

Borings  for  tunnels 729  46 

Braces,  when  required 317,  218  22a 

Brass  and  bronze ; • 183  19 

Breakwaters • 1088  to  1098,  1105,  1106  56 

Brick,  classification  of 128  18 

common,  materials  for. ..;,.. 125  13 

tire 129  13 

kilns  for  burning 127  13 

masonry.   See  Masonry. 

preparing  clay  for 126  13 

Bridges  and  trusses:  BoUman,  Baltimore,  Fink,  Howe, )  o^w.  .     q^.-  .^ 

Pratt,  Pegram,  Post,  Pettit,  Double  triangular.  ^  »»«  to  WU5  ou 

Bridges,  bascule 1010  62 

bearings,  expansion 1001  52 

cantilever ; 976,  979  to  984  62 

dead  and  live  loads ,  918,  914  50 

description  of 915  50 

erection  of 1004  52 

eye-bars  and  pins 943  to  947  61 

graphical  methwJs 967  to  970  51 

eavy  and  long ' 1004  52 

highwav  and  railway 226,912     28,50 

highway,  weight  of 928  50 

Howe,  stresses  and  dimensions 941  to  943,  965,  969  51 

i  ron 943  to  974  51 

lateral  bracing 999  to  1001  52 

maximum  moments  and  shears 921  to  924  50 

Pratt,  stresses  and  dimensions 947  to  965  51 

railway 91 5  to  974  50 

weight  of 929  50 

roller  bearings 977,  978  52 

selection  of  design 995  to  999  52 

spans,  economical  depth. 1002  52 

length 1003  62 

stresses,  erection 980  52 

suspension  (see  also  Supplement) 618,  619,  1007  to  1009     44,  52 

swing  or  draw 984  to  995  52 

timber 933  to  943  50 

triangular  and  trapezoidal. 934  to  941  61 

Warren,  stresses  and  dimensions 966  51 

weight  of 884,  997,  998      38,52 

Whipple  or  Linville,  stresses  and  dimensions 971  to  978  51 
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Bailding  materials 104  10 

Burning  cement  stooes , 143  14 

C 

Oableways  in  cities  (see  also  Supplement) 848  to  854  48a 

Caissons,  ordinary  or  open 428  38 

pneamatic.     See  Pneumatic. 

Canals,  alignment. 103  9 

classified 1117  58 

curvature , 97  9 

defined 65  9 

dimensions-cross,  sections,  flow  in  (see  also  Supplement) 

96  to  100  9 

drainage 1134  58 

embankments;  material,  side  slopes 98  9 

form  of  cross-section 99  9 

gates  and  locks  (see  also  Supplement) • 82  to  85  9 

irrigation  (see  also  Supplement) 88  to  91, 1136  9,  58 

location  of 82  to  83  9 

Pecos  Valley 1140  58 

ordinary  or  boat • ,.,, 1118  58 

ship 1119  58 

Amsterdam 1121  58 

Caledonian 1120  58 

Canadian  canal  system  (see  Supplement) 

Corinth 1121  58 

Drainage,  of  Chicago 1135  58 

Holland 1120  58 

Interoceanic,  American. 1123  58 

Nicaragua : 1124toll32  58 

North  Sea  and  Baltic 1121  58 

Manchester 1120  58 

Panama 1125  to  1130  58 

St.  Mary's  Falls 1182  58 

purposes  of  (see  also  Supplement) 87,  1133  9,  58 

SoonkCsala 1187  to  1140  58 

Cantilevers,  beams  for  foundations 388  88 

bridges,  stresses  in 980to984  52 

Catenary 58.621  8,44 

Cement,  accelerated  tests  for;  hot  water 268  27 

briquettes;  forms  and  moulds;  excess  of  water. . . .  256  to  258  27 

crushing  and  tearing  tests  of 253  to  269  27 

fine  and  coarse  compared,  weight  and  tests,  precautions  in 

specifications 269  27 

loose,  cost  of 151  to  153  15 

natural  and  artificial • 113  to  145  14 

slow  and  quick  setting 261  27 

standard  sieves  for •. 261  27 

Centre  of  parallel  forces 204  22 

ofmvity 196  21 

Chains  and  cords,  equilibrium  of 617  to  621  44 

City  streets;  arrangement,  width,  grades 55,  56,  61  to  64  8 

Coefficients  or  moduli  of  strength 197  21 

elasticity 198,  316     SI,  32 

torsion  or  shearing 1038  54 

Coffer-dams 413  to  422,  438  to  437  88 

Coloring  materials 167  17 

Columns,  forms  of  cross-section 321  in  324  38 


IKDEX.  1639 

Par.  Art. 

Oolnmns,  long;  iron,  steel,  and  timber ••.••.  811  to  814  81 

abort;  '*        "      "         "     288to290  21 

*€ompre8sion 196  29 

-Concrete,  arches;  Monier  and  other  systems •  •  •  696|  705  to  710  45 

crashing  tests  of  (see  also  Supplement) 255  27 

defined 154  16 

deposited  nnder  water 161  16 

materials  and  proportions 154  to  156  16 

mixing  and  placing ••  157  to  161  16 

piers 585to589  41 

safeloadson ..884,885  88 

strengthof 162  16 

transverse 266to267  27 

uses  of 162  16 

weight  of 884  88 

Oontonrs,  determining,  nses  of •  •  •  • 85  to  87  6 

Oontraflexure,  points  of 856  to  858  86 

Copper  ores;  properties,  nses • 179  18 

"Corrections  for  temperature  and  sag;  steel 58,  59  8 

Couples,  theory  of 208  22 

Creosoting  plant 845(a]  48a 

-Cribs,  ordinary,  for  foundations • 4ai  •  88 

open,  for  foundations,  by  dredging • 429  88 

on  pneumatic  caissons 484  to  486  88 

Cross-sections  of  materials,  effects  on  strength. 807  to  814  81 

to  resist  tension  and  compression.  809,  810  81 

least  resistance  to  flow  of  water 76  9 

-Cross-ties,  timber  and  iron 1025  to  1028  54 

Crushing,  by  splitting,  shearing,  crippling;  cross-breaking.  .288  to  290  29 

Culverts,  arched  and  box 700  to  705  45 

Current  meters  (see  also  Supplement) 80  9 

<lurves,  equating  for  grades 26,  48  4 

formule  used ••..••..• 17  2 

length  of 17  2 

resfitance  due  to •.••• 25,  40  to  44  4^  6 

simple,  compound,  reversed •••• ...18  to 28  8 

tangent  and  chord  ofibets ••• • 17  2 

transition 1082  54 

D 

Bams,  and  weirs ••  586to616  48 

measuring ••.••••••• 81  9 

construction •••••.•• 614  48 

curved 616  48 

example 607,  608  48 

foundations  for 594  697,  603  44 

high,  for  storage 92 ,98  9 

materials  for 594,  595,  602  to  606,  618  48 

stability  of 589  to  591,  609  48 

See  also  Rivers  and  Harbors. 

Deflection  of  beams,  general  discussion. 888  to  847  85 

formulas  for  general  loading 841  to  844  85 

Discharge  from  pipes 1146  to  1165  59 

nozzles 1160  to  1164  59 

of  streams 72  9 

over  weirs 81  9 

Dock  walls 1100  to  1106  56 

Drainage  areas 66  9 
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Par.  Abt. 

Dunes .'.V.V.V.V.V. .. .". , 1108  57 

Earthwork :  calculation  of  areas ...4^^,  484  39 

volumes ....485,489  39 

cross-sectioning. . . .'.' 475  to  482  39 

embankments , 454  39 

excavations. '. '. 456,  457  39 

forms  of  cross-section.  ..........  463,  473  39 

haul ....:..::...:: 473  39 

on  steep  liillsides  .'.'.'' 472  39 

ordinary.  .•.'.■..■.*.*. 458  to  490  39 

shrinkage' of ;;;. . . . :;.". 101  9 

Earth  pressure  against  a  vertical  plane.  •  •  • 562,  563  42 

conjugate  stresses 546  42 

ellipse  of  stress.' ...... ...'.' 550  to  553  42 

greatest  and  leiaJst 'stresses 561  42 

internal  stress'  in  general. .  •  • 545  to  548  42 

obliquity  of  stresses. 546  42 

onwallsV.. 540to567  42 

on  walls  when  loaded 561  42 

plane  of  rupture  .* .  .* 541  42 

Rankine's  theory  .... : 543,544  42 

frictioAal  stablirtjr' of  :•.::; 466,  553to561      39,42 

principle  of  least  resistance 500  42 

Economical  depths  for  trusses'.' 1002  52 

length  ''        ** , 1003  52 

Embankments,  materials  for 96,  467  to  471,  595  9,39.43 

core,  concrete,  puddle. 596  43 

earth,  for  reservoirs. 592,  693  43 

failure  of 593  43 

foundation-beds 594  43 

leakage  through. 593  43 

shrinkage  of 1 :;;..... 468  39 

Elasticity  and  elastic  limit  ',,', .' .'.'. 198  21 

Elastic  limit ..•..•... 236  24 

Elasticity  and  resistance  of  inatenals.'.'. ....'... 231  to  270  24  to  27 

Elastic  arches.     See  Afclies. 

Electric  street  railways  '(&ee  also'Supplebient). ^55,  856  48a 

Engineers,  resident,  duties  of  .*  .*.'.' .'. 1 474  39 

Equilibrium  of  bridges  with  rollers 977,  978  52 

cantilever  bridges 979  5fi$ 

forced..;;.-;;;.;.  ;;.. I99to205  22 

fconditfo^s6f 200  22 

frames'. .  .v. . .  .•.'.•.: :'.".".. .'. 206  to  219  22a 

analytical  solution 216  22a 

four  i5a^klldrf(5i»deV.:;., ; 209  22a 

hinged- StructtireS: .:'..'.:......: 977,  980  52 

arch  Ituss. ..:;.. 978  52 

inclined  forces.  ...;..*. .* 200  22 

parallel  fofde^. . .".'.'.'. ;.'.' 202  22 

polygon 1012,  1018,  1016  53 

Evaporation  of  water "  :::.,.., 70,71  9 

Excavations,  apportioning' labor 464  39 

by  blaatlft^.V. . ..'.'..  .•.•...•.'..• 465  39 

classification  of  ittatetials' 461  39 

drainage  of 461  89 

methods  of,  machirieS  for 457  to  460  39 


INDEX.  1641 


Par.  Art. 

Explosives  (see  also  Supplement) ^ 494  4«i 

Extension..- •......;.•............ 196  21 

Extrados  of  an  arch  .....:.. 620  44 

■    F 

Factors  of  safety 196,  278     21,  28 

Fineness  of  cement 144  14 

Floor  beams  and  stringers ■.'.' 226  29 

Flow  of  water  over  weirs ....•.;•. 92,  93  9 

Flow  of  water  in  pipes*  and  open  channels  (stefe  Also  Supplement) 

1142  to  1165  59 

Fluid  pressure,  general' principles: : 549,  587     42,  43 

Flames 1140  58 

Force,  defined;  when  determined 199  22 

Forces,  centre  of  parallel. . . ; ;...... 204  22 

equilibrium  of ;  .*  .* ; 200  22 

inclined  and  parallel 200,  202  22 

Form  of  level  notes. . .  .;.•.  ./..■ 39  6 

ransit  notes 18  S 

Formulee  for  lajing  out  curves.  ..■....::.■ 17  2 

Formulie  for  flow  of  water  in:  channels'  and  over  Weirs  (also  see  Sup- 
plement)   74to76,81  9 

Formulfle;  run -off  from  surface  (see  also  Supplement) 72  9 

Foundations  for  dams 594,  597,  608  43 

bj  open  -cribs  and  dredging  (Hawkesbnry  and  Omaha 

Bridges)  Tower  Bridge,  London 429  88 

by  pneumatic  caissons 430  to  451  38 

by  well-sinking  (Hawarden) 427  88 

coifer-dams  for 413  to  422  38 

deep  anddifficult 426  to  452  38 

for  high  dams. 93  9 

for  machinery 399  38 

high  buildings 382  38 

in  quicksand  and  other  soft  materials 396  to  400  38 

in  wate  r 4 1 3  to  452  88 

ofhousewalls 378  to  382  38 

of  structures 376,  377  38 

piers  and  abutments 884  to  892  38 

retaining-walls 383  38 

sinking  shafts  for 393  to  395  88 

with  concrete  and  timber  or  iron  beams  (see  also  Sup- 
plement)  887.  388  88 

with  piles 889  to  393,  404  to  406  38 

with  screw-piles 452  88 

Poundation-beds 368,  369  88 

bearing-power 870  to  374  88 

chara:;ter  of  strata 875  88 

classification  of  materials 873  88 

Frames,  braces  in.. - 217,  218  22a 

defined ..■.-. 208  22a 

of  two- bars .,^^%,x,, 210  22a 

polygonal 214  22a 

triangular .  ^  <.//.<.•/.■  a  .•.-.- .-.% 211  22a 

Friction w  * 24 ,  25  4 

formulae  for,  on  railways? .- 40  to  44  6 

on  highways.-. v .  .t / .  i » r  /  <  i x  / 45,  54  7 

Frictional  stability  of  earth. . ..., 553  to  561  4^ 

Frictional  resistance,  coefficients.-  •  See  Tables. 
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Oaufi^,  ndn • 68  9 

Orades,  designation.... 30  5 

equating  for  curvature • • 26,  48  4,6 

laying  on  profile •• 26,38  4,6 

onhighwajB 27  to  31  5 

resistance  and  formulae 26,41,43  4,6 

<]|^radient8,  determination 31  5 

limiting 31  5 

maximum «• 32,33  5 

Oravity,  centres  of 196  21 

Graphics 201,219  22,28a 

H 

Harbors  and  rivers  (see  Rivers) 1050  to  1107  56 

classified J 1087  56 

deep  water 1093  56 

maximum  exposure • 1089  56 

survey  of  (see  Supplement). 

tranquilUty  of 1101  56 

Haul,  in  earthwork 478  39 

Headers,  in  masonry 502,509,510  41 

Head-works  for  canals 91,  94  9 

Highways,  construction  of  (see  Pavements  and  Roads) 756  to  801  48 

location  of 27  to  31  5 

specifications  for.  * 801  48 

value  of 757to760  48 

Hinged  or  free-ended  structures 977,  980  52 

Hy£aulics,  applied  to  building  construction 1143  to  1153  59 

discharge  from  pipes  flowing  full  and  partially  full  (see 

also  Supplement) 1156  to  1159  59 

flow  of  water  in  pipes  and  channels,  formulae  for  (see  also 

Supplement) 1144  to  1165  59 

greatest  and  least  velocities 1154  59 

ead  of  pressure  and  elevation 1141  to  1144  59 

hydraulic  grade-line  and  lay  of  pipes  with  respect  to,  1143  59 

loss  of  head,  total  and  effective  head 1141  to  1144  59 

loss  of  head  at  orifices  and  bends,  and  due  to  ve- 
locity, total 1147,  1148  59 

mean  radius,  wetted  perimeter 76,  1142  9,  59 

practical  examples  (see  also  Supplement).. . .  1149  to  1152  59 

resistances  to  flow  (see  also  Supplement) 1158  59 

steady  flow 1155  to  1159  69 

Hydraulic  limes 185  to  148  14 

cements 137  14 

Hydrography,  hydrographic  surveying  (see  also  Supplement) .  65  to  108  9 

I 

Ice  pressure  on  piers 520  41 

Inertia,  moments  of • 818,  821  to  824     82,  83 

Intrados  of  arches ,  620  44 

Iron,  impurities  in ,• • 168  18 

manufacture  of 168,168  18 

pig,  classification , , 170  18 

cast,  beams;  modulus  of  rupture ••..•••••...  276,  277  26 

deflection 278  28 

characteristics  of • 270  26 

coefilcient  and  limit  of  elasticity.. ,  • ..  • 272,  278  28 
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lion,  cast,  effects  of  heat  and  cold 273  28 

factorsof  safety 278  28 

failure  of 274  28 

forms  of  cross-section 808  81 

malleable 171  18 

properties,  uses,  tests 171,  172  18 

resistance  to  crashing  and  tearing 271,  278  28 

resistance  toshearing 275,  828     28,  84 

strength;  formulsB. 270  to  278  28 

nses  of 270  28 

wrought,  beams,  deflection  of 294  29 

characteristics,  uses ,  test,  distribution  of  stress,  279,  280  29 

coefficients  of  elasticity 281.290  29 

cold  and  red  short 178  18 

contraction  and  elongation 290  29 

effect  of  annealing 284  29 

hardening  and  tempering 284  29 

effect  of  rest  after  stress 286  29 

elastic  limit 288,  290,  294  29 

failure  of  short  blocks 289,  290  29 

flexure  of  beams,  modulus  of  rupture;  formulae. . .  298  29 

forms  of  eross-section 808  81 

long  columns 811  to  814  81 

manufacture  of  rolled 178  18 

resistance  to  crushing. 287  29 

resistance  to  shearing 291,828  29,84 

single  and  double  and  lap  butt-joints 883  to  337  84 

specification 803  80 

strength  and  formulae 279  to  294  29 

tensile  strength 282  29 

tests  by  falling  weights 292  29 

tests  of  quality 178  18 

wire,  strength  of 285  29 

paints 186  20 

piers 863,864  49 

steel.    See  Steel. 

tables  of  strength 249  26 

Irrigation  canals  (see  also  Canals,  and  Supplement) 88,  91  9 

J 

Joints,  kinds  of 207  22a 

riveted,  single,  double,  butt 888to337  34 

rupture  in  arches 642  to  658  45 

Jetties,  ballast  for 1065  56 

Brazos  River 1060  56 

Charleston  Harbor 1076  to  1087  56 

construction  of 1061  56 

curved 1068  56 

Maas  (see  Supplement) 

South  Pass,  Mississippi  River 1068tol076  56 

stability  of 1062  56 

See  also  Rivers  and  Harbors  and  Supplement. 

K 

Kntter ,  formulsB  for  flow  in  pipes  and  channels  (see  also  Supplement)  75  9 

Kilns  for  burning  limestones,  precautions 184  to  185  14 

L 

Land  ties  for  retaining- walls 588,  585  42 
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Lateral  bracing  (see  also  Supplement) 999  to  1001  52 

Laying  out  structures 5  1 

Lead;  uses,  properties,  ores,  paints 180,  184  19, 20 

Levelling,  method  of 39  6 

Lever,  prificiple  of  the 202  22 

Lime,  quick,  calcining 138  to  136  18 

limitation  of  use • 154  16 

slaking  of 136, 146  14, 15 

Limestones 119  11 

,  bituminous 808,809  48 

Lines  run  on  preliminary  survey 17  2 

Lines  of  least  resistlince 124  12 

resistance  and  pressure 206  22a 

Loads  conditions  for  maximum  stress 888  49 

concentrated  on  trestles 859  to  861  49 

stringers  and  floor  beams '883  49 

dead  and  live,  wind  and  snow,  906,  907, 913,  914,  925  to  927,  930  50 

equivalent  uniform 931  50 

for  maximum  bending  and  shear • 227  to  230  23 

hauled  by  horses 54  7 

maximum  on  cantilevers 980  5^ 

on  solid  and  braced  arches 1015,  1016  53 

safe  on  piles 404,406  88 

ultimate,  proof,  working 196,  231  to  234  21,  24 

See  also  Bridges,  Beams,  Columns,  and  Arches. 

Locating  by  topographical  maps 34  to  39  ^ 

canals 82.88  9 

highways 27to31  5 

mountain  roads •••. 29  5 

piers  and  abutments • 6,  7  1 

railways 16  to  23  2,  8 

Locating  parties,  duties,  expenses 16  3 

Locks.     See  Canals;  also  Rivers  and  Harbors,  and  Supplement. 

M 

Maps,  topographical^ 85,  36  6 

Masonry 501  to  634  41 

bondin 502,  509,  518.  521  41 

brick...*..; 521  to  534  41 

and  stone  compared 533  41 

costof 531  41 

flushing  joints. 628,  524  41 

footing  courses. ..  #. .«...-«.... 522  41 

laid  per  day • » • 530  41 

measurement  of 628  41 

mortar  required... «« 529  41 

strength  of 624  to  528  41 

&tone,costof • 617  41 

measurement  of 616  41 

mortar  required. 505  to  513  41 

piers.. .....», ••• 618  41 

pointing. ....  515  41 

strength  of 514  41 

walls,  wind  pressure  on. 519  41 

classified 503  to  513  41. 

definition  and  terms •  • • 502  41 

general  rules  in  building 534  41 

kindsof 568  to  572  43 
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Masonry,  safe  load  on. . . ., , 384  38 

weightof 384  38 

Materials,  building 104  10 

foundation-beds,  bearing-power 870  to  872,  374  38 

classified. 372,  373  88 

for.  embankments 98  9 

in  excavation,  classified 461,  462  39 

Measuring  weirs 81  9 

Metals 167  to  183  18 

copper,  zinc,  lead,  tin,  and  alloys 179  to  183  19 

iron  and  steel 167  to  178  18 

see  also  specific  names. 

structures,  causes  of  deterioration 1041(6)  55 

Moduli  of  rupture 276,  817  28,  32 

Moments,  bending 203,  220  to  230  22,23 

bending  in  beams 916  to  919  50 

maximum 227  to  230  23 

of  inertia 318,  321  to  324  32,  33 

resistance  to  bending* 314  to  819  32 

Mortar 146  to  158,  253  to  269  14,  27- 

adhesion  of  (see  also  Supplement) 262,  263  27 

cement 149  15 

amount  from  one  barrel ,  ^ 151  15 

effects  of  freezing 152  15 

mixing. . ; 153,  265  15,  27 

proportions  in. 150  15 

conclusions  from  tests 261  27 

crushing  tests 253,  254,  264  27 

defined 146  15 

eflfects  of  sand 260  27 

in  sea  water,  failure 269  27 

lime,  amount  from  one  barrel 147  15 

limitations  of  use 154  16 

shearing 263  27 

tensile 256  to  261  27 

uses  of 146  15 

N 

Neutral  axis  and  surface 196,  321  to  824  21,  23 

Natural  slope  of  earth 540,  541  42 

O 

Ores,  of  copper ^ 179  19 

iron 167  18 

lead 180  19 

zinc 181  19 

P 

Paints  and  varnishes,  t»mpo8ition  of 184  to  190  20 

Pavements  for  streets 802  to  845  48a 

asphalt 812  48a 

block 814  48a 

Belgian  blocks 827  48a 

brick 833  to  844  48a 

burning 839  48a 

examples  of 842  48a 

foundations  for.; ....841  48a 
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Payements  for  streets,  brick,  qualitj  of,  and  tests 885  to  888,  840  48a 

shape  and  size 888  48a 

caoses  of  destruction. 848  48a 

city  of  Duluth 844  48a 

coal-tar 808.806,818  48a 

cobble-stones 828  48a 

comparative  merits 828  48a 

cost 824  48a 

concrete 808  48a 

foundations  for 804,  816,  829  48a 

granite  blocks,  wear  of,  cost, 

818,  819,  822,  828,  832  48a 

jointsin 804.805  48a 

large  cities 815  48a 

macadam 828  48a 

materials  for 817  48a 

Murphy's  granite  filling 829  48a 

on  steep  grades 831  48a 

rockasphalt 821  48a 

sandstone 830  48a 

section,  crowning 816  48a 

sewers,  cost  of 845  48a 

stoneblocks 825  48a 

wood 804,820  48a 

Percolation  of  water • 70,  71  9 

Permanent  way 1024  to  1086  54 

ballast 1024  54 

cross-ties 1025tol028  54 

track 1029,1080  54 

Piers 6,7  1 

forarches 690  45 

foundations  for 884to392  88 

ice  pressure,  stability 520  41 

laying  out 5  1 

of  iron,  strength  and  stability 868,864  49 

of  masonry,  sections  and  dimensions 520  41 

Piers  and  sea-walls 1100  to  1104  56 

Piles 889  to  893  88 

driver  and  driving 400,  401,  412  9S 

safe  loads  on 878,  870.  404,  406  88 

short  and  long 402,408  88 

sinking  by  water-let. 412  88 

theory  and  formulee  for  bearing-power 407  to  411  88^ 

Pipes,  diameters  of 1146,  1149  59 

discharge  from 1146  59 

of  clay 182  18 

velocity  of  flow  in 1145  59 

Plaster  and  stucco 165  17 

Pneumatic  caissons 480  to  451  8S 

and  open  crib  combined 4^,  451  88 

ForthBridge 448  88 

Memphis  S'ldge 448  88 

sinking 441to445  88 

Susquehanna  Bridge 485  to  487  88 

types  and  description 480  to  438  88 

Pozzuolana and  sand. ..  •• 138  14 

Preliminary  surveys ••••.••#.•••. 0tol6  S 
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Preservation  of  timber • 118  lO* 

Principle  of  the  lever • 202  22 

least  resistance. 560  42 

Profiles,  from  topographical  maps. •••«.•• 87  to  89  6 

level  notes 80  6 

laying  grades  on., ••••••• •• 26  4 

paperfor 80  6 

Proof-strength 284  24 

Paddle  from  clay 505,696  48 

Q 

Qaarrying,  method  of 128,124  12 

and  stone  catting 491to500  40 

Qaays 1100  56 

Quick-setting  cement 148  to  146  14 

Quicksand,  methods  of  founding  in 896,  897  88 

B 

Railroads,  surveys  . . .  • •  • 9  to  16  2 

Kails 1028,  1080  54 

elevation  of  outer • 1029  54 

Railways  for  ships r 1166,  1167  59 

Rainfalls,  amount  of;  tables 67  to  69  9 

Rain-gauges 84  9 

Range  or  random  coursed  rubble 606  to  508  41 

Ransome's  patent  stone • 168  17 

Reclamation  of  land 1109  to  1117  57 

inHolland 1111  to  1115  57 

Potomac  Flats. 1115tolll6  57 

Reconnaissance • 9  to  12  2 

Regulators  for  canals 94,  95  9 

Repose,  angle  of • 81  5 

Reservoirs;  walls,  construction 597,  598  48 

core  of  masonry,  earth,  and  concrete 696  48 

dams,  and  weirs 586  to  616  48 

examplesof 607  to 608  48 

failure 597(6),  598  48 

of  concrete 606  43 

looserock 599to601  48 

masonry 602to605  48 

sections  and  dimensions 597  43 

pressure  on,  stability 588,  589,  591  48 

storage 84  9 

wallsof  earth 692to594  48 

materials  for 695  48 

Resilience 1041(a)  55 

Resistances  from  friction,  grades,  and  carves 25, 40  to  44  4,  6 

Resistance,  line  of 206  22a 

Resistances  of  materials 281  to  286  24 

Resultant  of  inclined  forces 200  22 

parallel    "       202  22 

Retaining-walls,  design  and  construction 568  to  582  42 

foundations  for 888  88 

land  ties  for 688  to  586  42 

stability,  theory  of 540to567  42 

surcharged 676  to  582  42 

Reversed  carves,  formultt  for...  .r*. 22  8 
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Biveis  and  Harbors  (see. alaa  Sapplomeiii) v  • » « ^*  1050  to  1107  66 

Brazos  ajxd  I)anabe  compared- .  • 1064  56 

.chaunels .^ 1054  56 

CharlestQii.,.«. 1076tol087  56 

general  jemarks... 1050  56 

improvomt^nt  of... , 1058  56 

improvement  of  Brazos  Riyer.  ,,^, 1059  56 

jetties  and  jetty  construction. ^ . . .  1060,  1061  56 

KanawbA  Uiyer,  iiQprov6mQi^ts»,locki9,.  dams, 

etc 1168,  1169  59 

Mississippi 1066,1067  56 

SoutUPass 1068tol076  56 

naJtural  features. .  •  • ...  1051  56 

outlets.  Improvements  of 1058  56 

protection  of  banks 1055,  1056  56 

removal  of  bars. 1056  56 

regulating  dikes 1057  56 

stability  of  jetties 1062  56 

curved, 1068  56 

stability  of  i^ater  .channel. .....,,,.... 1053  56 

Rivets  and  bolts ., 237  to  270  25  to  27 

shearing .....^ 333  34 

bearing  resistance  of 838  84 

Riveted  joints,  single,  doable,  butt 383tod35  34 

Rivet-boles,  effect  of  reaming,  punching,  drilling 884  84 

Roads,  binders  for. 799  48 

construction  of i 765  48 

country 756,  776  to  784  48 

coverings  for t 784  to  788  48 

foundations  for .,«•••.... 791  48 

general  requirements 760  48 

macadam  and  gravel. 790,  792,  793,  801  48 

ofearth 761  to  765  48 

over  swamps 789     *      48 

paved 790  4B 

quality  of  stones  for 794  to  796  48 

quantities  of  stones.for 797  48 

rollin  g 799  48 

samples  at  World's  Columbian  Exposition 765  to  775  48 

specifications  for. 801  48 

telford 792,  798  48 

valueof 757to760  48 

wear  of 800  48 

width  and  drainage  of, 760  48 

Roof  trusses,  dead  and  live  load,  weight  of  snow  and  wind  load 

906,  907,  909,  910  50 

hinged  stresses  in 979  52 

stressesin 885  to  887,  906  to  912  50 

stresses  determined  graphically 908  to  910  50 


S 
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Safety,  factors  of 196  21 

Safeloads 106  21 

Sand,  qualities,  size  of  grain,,  voids  in 260,  261 .  269  27 

usesof 145.  148,  151      14,15 

volume,  weight,  standard 260,  261,  269  27 

Sandstone 117  11 


1 
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Par.  Art. 

Sandstone,  bituminous 809  48a 

Screw-piles 458,  1041     88,  55 

Sea-coast  defences 1107,1108  57 

Seasoning  timber 113  10 

Setting  of  limes  and  cements 144  14 

Sewers,  construction,  examples 745,  746,  764,  755  47 

defined;  cross-sections  of  (see  also  Supplement.) 744  47 

dimensions,  quantities  and  cost 747,  755  47 

egg-shaped  sections  (see  also  Supplement) 1159  59 

foundations  for 753  47 

pipes  for 132,  748.  749      18,47 

slopes  for 750  to  752  47 

manholes  and  traps -. 753  47 

Shafts,  sinking  for  foundations  (also  see  Tunnels) 393,  895  88 

'     inquicksand 896.897  38 

Shearing  forces,  and  strength 196,  825  to  829,  919  to  921  21,  34,  49 

distribution  of 329  84 

maximum 220  to  230  23 

Shields  used  in  tunnelling 730  to  734  46 

Ship-canals  (see  also  Canals) 87  9 

Ship-railways 1166.1167  59 

Shrinkage  of  earthwork .- 101  9 

Skeleton  construction 882  88 

Snow  load 907  49 

Solder 188  19 

Springs 78  9 

Stability  of  structures 194,  203,  206  21  to  22a 

Steel,  characteristics , 295  80 

classification  and  definition 174  18 

contraction  and  expansion 58,  59  8 

crushing  resistance,  effect  of  temperature;  coefficient  of  elas- 
ticity, modulus  of  rupture,  elastic  limit,  effect  of  anneal- 
ing   805  80 

designation  and  manufacture 174  to  176  18 

effects  of  punching  and  shearlDg 306  SO 

for  bridges  and  roofs,  and  rivets 800,  801  30 

fracture  of 178  18 

gun,  forgings,  armor-plate,  shafting 1047  to  1049  55 

hardening,  tempering,  annealing,  tests 177,  178  18 

heavy  forgings 1042  to  1060  55 

long  and  short  columns 31 1  to  314,  288  to  290,  21  31 

properties  of 176  18 

soft  and  mild 806  30 

shearing  strength 828  34 

single,  double,  butt  joints 888  to  837  84 

specifications  for  East  River  suspension  bridge 802  80 

strength,  formulae  for 295  to  307  80 

short .288  to  290  21 

tensile  strength 806  80 

testsfor 296  bO 

Admiralty;  tempering,  percussive,  welding,  falling 

weights * 296  to  299  30 

tensile  test  full-sized  bar 304  30 

Stiffness  and  strength 231  to  235  24 

Stone,  acid,  absorption,  water  tests 260  26 

crushing,  tearing,  transverse  strength,  weight 251  26 

fracture  of 250  2^ 

remarks  on  strength 252  26 
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.Stone,  artificial,  bric^,  torra-cotta,  fire-brick,  tiles,  135  to  181,  253  to  26»  13,  17 

appearance)  characteristic 121  11 

cnemical  composition 117  11 

defects,  durability,  decay 120tol22  11 

natural 11^,122  11 

preservation  (see  also  Supplement) 121  11 

stratified  and  unstratiiiea 116  11 

sillcious,  calcareous,  argillaceous ....  117  to  119  11 

forms  of  cross-section 308  81 

broken,  voids  in 156  16 

cutting  and  quarrying 491  to  500  40 

dimension^  for  majsonry 507,  50t^  41 

for  arches 4W  40 

for  backing 500  40 

shapes  and  cutting 498  40 

JStraiii  defined 1«5  21 

Streams,  discharge  of  (see  also  Supplement) 72  9 

^Streets  of  cities 802  to  845  48a 

Street-car  tracks  (see  also  Supplement) 846v  847  48a 

Strength,  coefficients  of,  ultimate,  proof  working 196,  281  to  285  21,  24 

IStzess,  combined  direct  and  bending 1005  52 

defined 195  21 

diagrams,  uses  of 212to214  22a 

in  beams,  bending  and  shearing 814  to  816  32 

parallel  forces 218,214,215  22a 

kinds  of 196,  283  21,  24 

secondary 1006  52 

Stretchers v 502,609,510  41 

Stringers  and  floor-beams \ 226  23 

Structures,  conditions  of  equilibrium 198  21 

defined 191  21 

design  of 198  21 

foundations  of 376,  377  81 

framed 857  to  1642  49 

laying  out 5  1 

partsof 192  28 

stabiUtyof IM  21 

Strength  of 195  21 

stress  and  strain  in 196  21 

trestles  and  viaducts 858  to  865  49 

with  hinges 977  to  980  52 

struts 208  22a 

Stucco  and  plaster 165  17 

Superstructures,  weights  of. 884,  906,  928,  9fS9  88,  50 

Surveying,  general  remarks 1 ,  2,  3,  4  1 

Surveys  of  railways 9.  10,  11.  12  to  16  2 

highways 27  to  31  5 

Surveys,  for  cities 55.  64  8 

errors  permissible 57,  58  8 

of  rivers  (see  Supplement). 

Swing-bridges 984  to  995  52 

centre-bearing  pivot ^ 985  52 

dead  and  live  load  stresses 991,  902  52 

nuiximum  stresses  in 987,  988  58 

moments,  shears,  reactions 986  59 

plate  girders 990  52 
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8 iviug- bridges,  practical  examples. 991 ,  992  51$ 

riiu-benriug  turu-table 998,  994  5^ 

T 

Tangent  offsets  for  curves 17  3 

Tape,  steel  correction  for  sag  and  teuiperatare 58  t^ 

Temperature  stresses  in  metal  arcbes 1020  5S 

Terracotta 180  la 

Theory  of  maximum  economy,  grades  and  curves 28  to  27  4 

Ties ...  208  22a 

Tiles,  paving,  encaustic 181  13 

Tires  and  wheels,  sizes  of 51,  54^  7 

Timber 105,115  10 

appearance  and  characteristics 115  10 

classified 107  10 

compressive 243  25 

defects,  durability,  and  decay 109,  110  10 

felling,  time  of Ill  10 

forms  of  cross-section. 808  31 

general  description 100,  106  10 

ard  and  soft  w<Kxi 107,  108  10 

maturity  of  trees Ill  10 

modulus  of  elasticity 247  25 

preservation  (see  also  Supplement). 114  10 

relations  between  strength  and  stiffness,  weight,  and  moist- 
ure    247  25 

relations  between  specific  gravity,  moisture 240,  241  25 

seasoning 118  10 

shearing  resistance. ...   241,  828      25,  84 

strength  of  extreme  fibre 247  25 

strength  and  tests,  scope  and  results  of  Govemmeat  tests, 

287  to  249  25 

tensile  strength 242  25 

transverse  strength 289  25 

toughness 246  25 

turpentining  or  bleeding 112,248      10,25 

Topographical  party 16  2 

surveys  and  maps 34  to  39,  60  6,  8 

Torsion  or  twisting  strains 1036  to  1041  55 

coefficient  of 1088  56 

in  shafts,  resistance  to 1089  55 

screw-piles,  resistance  to 1041  55 

Track 1028  to  1036  54 

Tractive  force ^ 24,  42  4,  6 

power  of  horses 49  7 

resistance  to,  on  highways;  formulae,  tables 44  to  55  7 

railways;  formulae,  tables 

Tramways 846  48a 

Transition  curves 1082  54 

Trestles  and  viaducts 858  to  865  49 

pile  and  framed 858  49 

iron 861to868  49 

strength  and  stability 859  to  868  49 

Tunnels 710  to  744  4ft 

classification  of 711  4d 

Colorada  Midland  (see  Supplement) 
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Par.  Art 

Tunnels,  examples  of 723  to  747  46 

B.&  O.Beit 728  46 

Cascade 739  46 

Chicago  River 743  46 

for  sewers 747  47 

New  York 724  to  726  46 

Ontario  silver  mine  (see  Sapplement) 

St.  Clair 727  46 

linings  for 712.  788.  740.  743  46 

locating  centre  line • 713,738  46 

materials  excavated 714  to  721  46 

notes  on  some  old 740  46 

pressure  on 717  46 

progress  and  cost 739  46 

shields  used  in  construction 782  to  784  46 

temperature  in 728  46 

Turnouts 1083,  1034  54 

Twisting : 196  21 

U 
Ultimate  strength 196,238,234     21,24 

V 

Varnishes  and  paints Id4tol90  20 

Velocity  and  discharge  from  open  channels 1152  to  1155  59 

and  discharge  from  pipes  flowing  full  under  pressure; 
formulse  for  and  tables  us^;   practical  examples 

(see  also  Supplement) 1145,  1146  59 

and  supply  to  bouses,  examples 1149  to  1151,  1165  59 

virtual  fall 1155  59 

and  discharge,  pipes  flowing  partially  full,  discussion; 

formulae  and  examples  (see  also  Supplement)  1156  to  1158  59 

and  discharge,  egg-shaped  sewers 1 159  59 

cross-section  for  least  resistance 76  9 

flow  of  water  in  open  channels  (see  also  Supplement)  74  to  80  9 

flow  in  pipes  ('see  also  Supplement) 1141  to  1165  59 

greatest  and  least 1 154  59 

ead  of  elevation,  loss  of  head 1142,  1155  59 

beads  of  pressure  and  elevation,  loss  (see  also  Supple- 
ment)   1141  59 

bydraulic  grade-line 1148  59 

issuing  of  jets  from  nozzles  (see  also  Supplement) 1160  59 

Kutter's  formulae  (see  also  Supplement) 1155  59 

losses  of  head,  at  orifices,  at  bends,  and  due  to  velocitv, 

1147,  1148  59 

resistance  to  flow 1153  59 

steady  flow,  general  principles 1155  59 

total  and  effective  heads  (see  also  Supplement) 1143  59 

wetted  perimeter,  hydraulic  mean  depth  (see  also  Sap- 
plement)  1142  59 

Ventilation  in  tunnels  (see  Tunnels). 

Viaducts  and  trestles 858  to  865  49 

Volumes.     (See  Earthwork  and  Masonry.) 

\V 

Walls  (see  also  Retaining- walls.  Rivers  and  Harbors) 1100  56 

Wasteweirs * 593  43 
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Par.  Art. 

Water,  flow  and  measurement.    (See  Velocity  and  Discharge.) 

Water  required  in  mortar 150  16 

Waves,  height,  effect  on  masonry,  force  of 1069  to  1103  56 

Web.  of  beam*,  thickness. 330  to  382  34 

Weight  of  cement  and  lime. 144,  151  14,  15 

Weight  of  bridges 884,  928,  929  88,  50 

roof  trusses 906  50 

Weirs,  measuring 81 ,  91  9 

classified 610,612  43 

of  timber 613  43 

Wells  and  springs 73  9 

Wells,  sinking,  for  foundations  (see  also  Foundations) 427  38 

Wetted  perimeter  (see  also  Velocity  and  Discharge) 76  9 

Wheels  and  tires,  sizes  of 51  7 

Wheels,  coning  of 1030  54 

Whitening  and  coloring 16<(  17 

Wind  loads  (see  also  Supplement) 907  50 

Wind,  pressure  on  walls 519  14 

Workingload 196,  281  to  234  21,24 

Wrenching 196  21 

Z 

Zinc  ores,  properties,  uses 181  19 

paints 184  to  190  20 


INDEX  TO  SUPPLEMENT. 

PAOB 

Aluminum  and  aluminum  bronze 1631 

'  Application  of  formulsB  to  flow  of  water  in  open  channels,  sewers,  and 

pipes 1530  to  1546 

Bazin's  and  Kutter's  formulae 1536 

Burkli-Ziegler*?.  Adams',  Hawksley's,  McMath's  formulae 1531 

D Arcy 's,  Flynn's,  Weisbach's,  Eytelwein's  formulae 1589 

Bearing  power  of  pavements '. 1623 

Canaclian  canal  system 1594 

Chamber-mine  firing ' 1620,  1627 

-Combined  iron  and  concrete  arches 1618 

-Concrete  and  steel-beam  foundations 1628 

Cost  of  laying  water-mains 1598 

Contraction  and  expansion  of  masonry  and  concrete 1608 

Current  meters 1528 

Curves  showing  amount  of  water  reaching  streams  and  sewers 1530 

Drainage-works  of  the  Ontario  Silver  Mines 1605 

Duty  of  water  for  irrigation 1599 

Electricity  in  mining 1588 

Electric  railway  construction,  specifications  for 1584 

Hinged  concrete  arch 1615 

Kentucky  rock  asphalt , 1622 

Kosmo  concrete  sidewalks 1622 

Laying  track  by  machinery 1626 

Lateral  bracing 1660 

liime  mortar  with  pozzuolana ^ 1680 


r 
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PA0K. 

Nickel 1684 

Parafflne  for  the  preservation  of  stone 1630 

Permanent  way,  Pennsylvania  Railway 1614 

Kails  for  street  railways 16IN^ 

Reclaiming  Zuyder  Zee 1507 

Reliance  Sailding,  Chicago ^ 1680 

Report  of  commissions  Hudson  River  Bridge 1581 

Rock-cutting  on  the  Danube 1601 

Sheet-asphalt  pavements < 1621 

Ship  canals  and  locks , 1591 

Solid  floor  systems 1611^ 

Specifications  of  proposed  Hudaoa  River  Bridge. 1576 

St.  Gothard  Railway 1612- 

Steep  grades,  methods  of  overcoming 1617 

Street  railways 16OT 

Stresses  in  braced  piers 1571 

Subways  for  rapid  transit  in  cities lOOO 

Surveys  of  upper  and  lower  Savannah,  Florida  Keys 1612 

Sway-bracing 1570 

Tests  of  concrete  and  iron  floor  arches .« . . 1620 

Tunnels:  Baltimore  Belt;  Colorado  Midland 1604 

Types  of  American  movable  dams 1596 

Water-supply  of  some  large  cities 1547 

Wentwbrth  Avenue  sewer 1598 

West  Side  trtink  sewer 1598 

Whitaker  Portland  cement 1602 

Wind  pressure  in  engineering  construction 1541^ 


ENGINEERING. 

Civil — Mechanical — Sanitary,  Etc. 


civhi  engineeb's  pocketbook 

TRADTWINE.  Of  Mensuration,  Trigonometry,  Surveyinpr,  Hydraulics,  Hy- 
drostatics, InstrumentH  and  their  adjustments,  Strength  of 
Materials,  Masonry,  Principles  of  Wooden  and  Iron  Roof  and 
Bridge  Trusses,  Stone  Bridges  and  Culverts,  Trestles,  Pillars, 
Suspension  Bridges,  Dams,  Railroads,  Turnouts,  Turning  Plat- 
forms, Water  Stations,  Cost  of  Earthwork,  Foundations,  Retain 
ing  Walls,  etc.  In  addition  to  which  the  elucidation  of  certain 
important  Principles  of  Construction  is  made  in  a  more  simple 
manner  than  heretofore.  By  J.  C.  Trautwine,  C.E.  12mo, 
morocco  flaps,  gilt  edges.  Sixteenth  edition,  41st  thousand, 
revised  and  enlarged,  with  new  illustrations,  by  J.  C.  Traut- 
wine, Jr.,  C.E.  1893 $5  00 

'*  It  is  the  best  Civil  En^neerq*  Pocketbook  In  exiBtence,^*— American 
Engineer. 

A  METHOD  OF  C  ALCUIiATrNQ  THE  CUBIC  CON- 
TENTS   OF    EXCAVATIONS    AND    EMBANK- 
MENTS  BY  THE  AID  OF  DIAGRAMS, 
TBAUTWINE.        Together  with  Directions  for  Estimating  the  Cost  of  Earth- 
work.    By  John  C.  Trautwine,  C.E.    Ninth   edition,  revised 
and  enlarged  by  John  C.  Trautwine,  Jr : . .  .8vo,  cloth,    2  00 

THE   FIEIiD   PRACTICE    OF    IiATING    OUT   CIR- 
CCTLAR   CURVES   FOR   RAILROADS. 

TRAUTWINB.        By  J.  C.  Trautwine,  Civil   Engineer.     13th  edition,  revised 

by  J.  C.  Trautwine,  Jr 12mo,  limp  morocco,    2  60 

**  Probably  the  most  complete  and  perfect  treatise  on  the  sinele  subject 
of  Railroad  Curves  that  is  published  in  the  English  language.*'— J^grinMHn^ 
News. 

CROSS-SECTION  SHEET. 

TRAUTWINE.        To  be  used  with  Trautwine's  Excavations.     Sheet  form  ...      0  25 

TABLES    FOR    CALCUItATING    THE   CUBIC    CON- 
TENTS    OF    EXCAVATIONS    AND    EMBANK- 
MENTS     BY     AN    IMPROVED    METHOD     OF 
DIA(K)NAIiS     AND     SIDE    TRIANGLES. 
HUDSON.  By  J.  R.  Hudson.  New  edition,with  additional  tables,  8vo,  cloth,    1  00 

**  These  tablea  are  simple  and  accurate.  The  method  adopted  is  Ulns- 
trated  by  plain  diagrams,  and  the  tables  are  arranged  for  nearly  evety  possi- 
ble width  of  roadway  and  slope  and  cutttegs  on  flUa  from  zero  to  60  feet."— 
Engineering  Newt. 

THE  RAILROAD  SPIRAL. 

SEARLES.  The  Theory  of  the  Compound  Transition  Curve  reduced  to  Prac- 
tical FormulsB  and  Rules  for  Application  in  Field  Work,  with 
complete  tables  of  Deflections  and  Ordinates  for  five  hundred 
Spirals.  By  Wm.  H.  Searles,  C.E.,  author  of  ''Field  Engineer- 
ing," Member  of  Amer.  Soc  of  C.E.  Fifth  edition.  Pocket- 
book  form , 1  50 

"  It  shonld  have  a  place  In  the  library  of  every  Civil  Engineer  In  the 
world."— 5ai/way  Age. 

FIELD    ENGINEERING. 

SEARLES.  A    HAND-BOOK  of  the  Theory  and  Practice  of  RAILWAY 

SuBV£TiNO,  LOCATION,  and  Construction,  designed  for 
CLASSROOM,  FIELD,  and  OFFICE  USE,  and  containing  a 
large  number  of  Useful  Tables,  Original  and  Selected.  By 
Wm.  H.  Searles,  C.E.,  late  Professor  of  Geodesy  at  Ren. 
Polytechnic  Inst.,  Troy.  This  volume  contains  many  short 
and  unique  methods  of  Laying  Out,  Locating,  and  Constructing 
Compound  Curves,  Side  Tracks,  and  Railroad  Lines  generally. 
It  is  also  intended  as  a  text-book  for  Scientific  Schools.  Pocket- 

book  form.     Sixteenth  edition 12mo,  morocco,     8  00 

**  The  book  Is  admirable.  The  internal  arrangements  and  appearance  are 
excellent.  Tt  is  an  easy  work  to  refer  to,  and  is  plain  and  clear.  There  is 
no  useless  lumber  in  it.    Every  sentence  belongs  there." 

— ^Prof.  Datis,  Univereity  qf  Jiichigan. 

BAILROAD   ENGINXBB'S   FTBIiD   BOOK. 
GODWIN.  An  Explorer's  Guide,  especially  adapted  to  the  use  of  Railroad 

Engineers  on  Location  and  Construction,  and  the  Needs  of  the 
Explorer  in  Making  Exploratory  Surveys.    By  H.  C.  Godwin. 

Second  edition morocco  flap,     2  50 

**  I  have  read  with  considerable  care,  and  do  not  hesitate  to  pronounce  It 
far  superior  Xjo  anything  now  published."— Prof.  J.  B.  Johmbon,  Wctehing- 
Urn  Univ,  Dept.  qf  Engineering,  St.  Louie, 


THE   CIVIIi   BNGLNEE^'S   FIEIJ>   BOOK. 

BUTTS,  Designed  for  tlie  use  of  the  LOCATING  ENGINEER.    Coo- 

taininj;    Tables  of  Actual   Tangents  and  Area,  expressed  in 

chords  of  600  feet  for  every  minute  of  intersection,  f mm  0* 

to  90**,  from  Al°  curve  to  AlO*  curve  inclusive.    Also,  Tables 

of  Formulae  applicable  to  Railroad  Curves  and  the  location  of 

Frogs,  together  with  Radii,  Long  Chords,  Grades,  Tangents, 

Natural  Sines,  Natural  Versed  Sines,  Natural  External  Secant^ 

etc.     With  Explanatory   Problems.     By  Edward  Butts,  C.E 

Second  edition,  revised 12mo,  morooeo  flaps,  $2  TA 

**  The  work  Ip  a  monnment  of  patience  on  the  part  of  the  author,  uid 
shonld  pn)ve  a  labor-paving  investment  to  the  porchaser.  It  i«  a  *  Henck* 
elaborated,  and  this  is  qnite  recommendation  euongh — ^to  the  pracdciiif 
en^eer.*'— Engineering  Newt. 

THB  TRANSmON  GX7RVB  FIEUD  BOOK. 
HOWARD.  By  Conway  R.  Howard,  C.E.     Containing  Full  Instmetions  for 

Adjusting  and  Locating  a  Curve  nearly  identical  with  the  Cubic 
Paralx)la  in  Transition  between  any  Circular  Railroad  Curve 
and  Tangent.  Simplified  in  AppUcation  by  the  Aid  of  a 
General   Table,  and  Illustrated  by  Rules  and  Examples  for 

various  Problems  of  Location 12mo,  morocco  flap,    1  5r» 

*'  The  methods  indicated  in  this  little  work  for  locating;  transition  cnrrer 
arc  really  simple,  decidedly  simpler  than  some  others  that  have  been  pot 
oat,  and  the  results  ^ood.  Therefore  it  will  prove  a  oseful  book  to  many 
en^neen.^"— Engineering  Newt. 

THE    TBJkJSSVnOTS   CUBVE. 

CRANDALL.  By  Prof.  Chas.  L.  Crandall,  Cornell  University. 

12mo,  moroooo  flap,    1  >> 
ELEMENTS  OF  GEODESY. 
GORE.  For  the  Use  of  Students.     Exhibiting  in  a  single  volume  the 

Principles  of  the  Science,  heretofore  accessible  only  through 
the  examination  of  many  writers.  By  Prof.  J.  H.  Gore, 
Columbian  University.    Second  edition,  revised  and  corrected. 

8vo,  cloth,    2  50 
**  The  systematic  work  of  Prof.  Gore  will  hence  tend  to  rapply  ^e  loos- 
felt  need  of  a  Text-book  for  technical  schools,  and  of  a  Manoal  for  fl^ 
practice." — Engineering  Newt. 

THE    EOONOMIO    THEORY  OF    THB   LOOATION  OF 
RAII.WATS. 

WELLINGTON.      An  Analysis  of  the  Conditions  controlling  the  laying  out  of 

Railways  to  effect  the  most  judicious  expenditure  of  capital. 

By  Arthur  M.  Wellington.     Fifth  edition 8vo,    6  00 

"  Mr.  Wellington  has  done  fi^reat  service  to  the  Bailroad  profession  ;  more 
particnlarly  to  Enjinneers,  Managers,  and  Superintendenta,  by  bringing  to- 
gether in  a  single  volume  such  a  mass  of  yalnable  matter.  It  shonxi  be  in 
every  liailway  Library." — EailvHtif  Age. 

*  HISTORY  OF  THE  PEmrSYLVAHIA  HAILBOAD. 
0REDGE.  Its  Organization,  Construction,  and  Manapfement.    Exhibiting 

the  Highest  Development  of  Railroad  Practice  in  the  United 
States.  By  James  Dredge.  Containing  Descriptive  Text.  100 
Fine  Wood  Engraving,  125  Tables,  Folding  Map,  and  83  large 
Folio  Plates,  illustrated  by  detailed  Drawings,  Permanent  Way, 
Stations,  Bridges,  Work  Shops,  Locomotives,  Boiling  Stock, 
Continuous  Brakes,  etc.,  etc folio,  half  morocco,  SO  00 

*'The  oblect  of  this  volume  Is  to  describe  the  present  condition  of  rail- 
road practice  in  its  most  advanced  form,  both  aa  concems  constraction  and 
manaizement." 

'^Everv  railroad  company  should  have  a  copy  for  the  constant  study  of 
Its  (ifficials."' 

A  TBEATISE  UPON  CABLE  OB  BOPE  TBACTION, 

SMITH.  As  applied  to  the  working  of  STREET  and  other  RAILWAYS. 

(Revised  and  enlarged  from  Engineering.)    By  J.  Bucknall 

Smith,  C.E.    With  illustrations  and  folding  plates.   4to,  cloth,    S  ^ 

*•  Tho  publication  of  this  book  seems  to  us  to  be  most  timely.  The  sub- 
ject is  ably  handled  by  an  experienced  EDgineez.*''^Afneriean  MacMMit 

WIBB:    ITS   USB   AND   MANUFACTUBB. 

SMITH.  Historical  Review,  Chemical  and  Physical  Characteristics,  Plant 

used  in  its  Production,  Processes  of  Annealing,  Tempering, 
Hardenin jjf.  Resistance  to  Tension,  Torsion  and  Bending  Strains, 
Commercial  Uses,  Wire  Ropes,  Netting,  Factories  at  Home 
and  Abroad,  ere,   etc.      With   numerous  Illustrations.      By 

J.  Bucknall  Smith,  C.E 4to,  doth.    3  '0 

*•  The  namo  of  Mr.  Bucknall  Smith,  the  author  of  this  book,  !s  well  tniown 
to  Ptrt-cr-railway  mon  in  this  country  through  his  admirable  treatise  on 
*  Cable  Traction.'  In  his  present  volume  Mr.  Smith  has  treated  his  subject 
in  hand  with  tho  same  care  as  iu  his  former  work.  .  .  .  The  portions, 
however,  relatirifr  to  wire  ropes  for  traction  purpoeca  .  .  .  particularly 
all  met  the  at  U'liti  on  of  the  railway  engineer.  .  .  .  Klectricai  Engineers 
will  bo  particularly  int<Te«tt*d  in  Chapter  IV.,  which  treats  of  electrical 
coudacU)T».'"—;Street  liailwatj  Journal. 
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A  TBEATISE  ON  CIVIL  ENGINEEBINa. 

MAHAN.  By  D.  H.  Mahan.      Revised  and  edited,  with  additions  and 

WOOD.  new  plates,  by  Prof.    De  Volson  Wood.     With  an  Appendix 

and  complete  Index.     New    edition,   with  chapter  on  River 

Improvements  by   F.  A.  Mahan.     1890 8vo,  cloth,  $5  00 

**  This  is  the  standard  text-book  on  this  sabject." 

AN    ELEMENTARY     OOXJRSE      OP     CIVIL     BN- 
GINEEKING. 

WHEELER.  For   the  use  of  the  Cadets  of   the  United  States   Military 

Academy.  By  J.  B.  Wheeler,  Prof,  of  Civil  and  Military 
Engineering,  West  Point,  N.  Y.  Wifh  many  fine  wood  engrav- 
ings.    Fifth  edition 8 vo.  cloth,    4  00 

THE  THEORY  AND  PRACTICE  OP  SURVEYING. 

JOHNSON.  Designed  for  the  use  of  Surveyors  and  Engineers  generally, 

but  especially  for  the  use  of  Students  in  Engineering.   By  J.  B.  • 
Johnson,  C.E.,  Prof,  of  Civil  Engineering,  Washington  Uni- 
versity, etc,  etc.     Illustrated  by  upwards  of  150  engravings, 
with  folding  maps,  tables,  etc.,  etc.     Tenth  edition,  revised. 

8vo,  cloth,    4  00 
*'  On  the  whole  this  is  the  beet  treatise  on  Surveying  that  we  know  of."— 

Railroad  Oazette. 
*' Whatever  branch  of  work  the  Surveyor  it*  in,  he  will  find  this  book 

valuable  and  exhtLHstiye.^'— American  Engineer. 

ENGINEEBS'  SURVEYING   INSTRCJMENTS. 

BAKER.  By  Ira  O.  Baker.     Each  instrument  is  considered  separately, 

the  best  form  of  construction  is  discussed,  the  sources  of  error 

in  use  are  pointed  out,  data  are  given  as  to  the  degree  of  precision 

attained  in  actual  practice,  and  suggestions  are  made  as  to  the 

most  accurate,  rapid,  and  convenient  methods  of  using  it.  Second 

edition, revised  and  greatly  enlarged.  Bound  in  cloth,  400  pages, 

5x73^  inches,  86  illustrations,  copious  index 12mo,  cloth,    8  00 

Chapters:    Chain  and  Tape,  Trijiod  and  Leveling  Screws,  Magnetic  Com- 
pass, Solar  Compass,  Telescope,  Vernier,  Trannit,  Solar  Transit,  Flane  Table, 
Stadia  and  Gradienter.  Spirit  Level.  Aneroid  and  Mercurial  Barometers. 
*' A  moi^t  excellent  work."— &iffineerinQ  News. 

THE    HUDSON    RIVER    TUNNEIi,    SHOWING   ITS 
METHOD  OP  CONSTRUCTION, 

BURR.  Carefully  collected  from  reliable  sources  and  from  the  Author's 

observations  in  the  Tunnel,  thoroughly  illustrated  by  the  draw- 
ings of  the  Engineers  in  charge.  Working  drawings  of  all 
details,  by  S.  D.  V.  Burr.  1  vol.,  4to,  containing  100  pages  and 
27  folding  plates,  giving  a  description  of  the  obstacles  en- 
countered, the  experience  gained,  the  success  achieved,  and  the 
plans  finally  adopted  for  rapid  and  economical  prosecution  of 

the  work Cloth.    2  60 

**The  book  contains  much  of  interent  and  records  valuable  experiences 
gained  in  the  use  of  compressed  air  in  sabmarine  tunnelling.  Every  stapre 
of  the  work  is  concisely  described,  and  tlie  drawings  cover  all  the  more 
important  features.  The  literary  presentation  and  the  mechanical  execu- 
tion of  the  work  are  tlnt-c\asB.^*— American  Engineer. 

EXPERIMENTAIi  ENaiNEEBTNG. 

CARPENTER.         By  Prof.  R.  C.  Carpenter,  Sibley  College,  Cornell  University. 

8vo,  cloth,  6  00 
For  Engineers  and  for  8tudoiitt«  in  Engineering  IjaborutorieH.  Treating 
of  Apparatus  for  and  Reduction  of  EsperinieniiiiDat*!,  Testing  Machines, 
TeHtuig  of  Strength  of  MaterialH,  of  Friction  and  Lubricantn,  of  Steam- 
boilora.  Steam-engines,  Hydraulic  Machinery,  Mea^unnnent  of  Power,  of 
Liquids  and  Oases,  of  PresHure,  of  Temperature,  of  Moisture  in  Steam, 
Heating  Value  of  Coals,  Indicator  and  Diagram,  Injector,  Pulsometer,  Hot 
Air  and  Gas  Engines,  with  Tables  and  Index,  etc.,  etc. 

THE  MODERN  HiaH  EXPLOSIVES— NITRO-aLTO- 
ERINE  AND  DYNAMITE. 

EISSLER.  Their  Manufacture,  their  Use,  and  their  Application  to  Mining 

and  Military  Engineering; ;  Pyroxyline  or  Gun  Cotton,  the  Ful- 
minates, Picratee,  and  Chlorates  ;  also,  the  Chemistry  and  An- 
alysis of  the  Elementary  Bodies  which  enter  into  the  Manu- 
facture of  the  principal  Nitro-Compounds.  By  Manuel  Eissler, 
Mining   Engineer.     With   many   illustratiye    plates.     Third 

edition 8vo,   cloth,    4  00 

**  Altogether  Mr.  Elssler's  work  will  be  welcomed  by  the  profession  as  an 
excellent  treatise  that  cannot  fail  to  do  much  good  m  teaching  engineers 
how  and  when  to  use  high  expl«)8ive8  and  how  to  handle  them  safely.'*— 
Engiiieering  and  Mining  Journal. 

THE  PRACTICE  OP  THE  IMPBOVEMENT  OP  THE 
NON-TIDAI.  RIVERS  of  the  UNITED  STATES. 

RUFFNER.  Witli  an  Examination  of  tlie  Results  thereof.      By  Capt.  E.  H. 

Ruffner,  Corps  of  Enjrint^ert*.  U.  S.  Army . . " .  .8vo,  cloth,    1  25 

"I  have  no  hesitation  in  saying  that  it  is  a  work  of  great  value  to  the  Corps 
of  Engineers,  and  to  others  interested  in  the  subject  of  which  it  treats."— 
Major  P.  C.  Hains,  Corps  qf  Engitie^rs^  U.S.A. 
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A   HISTOBY   OF   THE   MISSISSIPPI   JETTIES   AT 
TBffi  MOUTH  OF  THE  MISSISSIPPI  BIVSR. 

CORTHELL.  B7  E.  L.  Ck>rthell,  C.E.,  Chief  AssistaDt  and  Resident  Enin- 

neer  daring  their  conetr action.      Illastrated  with  portrait  of 

Captain  Eads:  24  pa^e-plates  and   10  folding  maps.    New 

edition ; Sto,  doth.  $3  iX 

*'  The  volame  is  not  only  a  valuable  contribution  to  the  working  libfary  of 
every  Civil  Engineer,  but  i»  good  reacting  for  all  persons  who  take  an  inter- 
est In  the  conquests  of  man  over  n&tme.—Jottmal  of  Vommeree, 

WOODEN  TRESTLE  BRIDGES. 

FOSTER.  According  to  the   Present  Practice  on  American  Railroad?, 

Treatinfif  of  Pile  Bents,  Pile  Drivers,  Framed  Bents,  Floor 
System,  Bracing  Trestles  of  all  Kinds,  Iron  Details,  ConDection 
with  Embankment  and  Protection  Against  Accidents,  Field 
Engineering  and  Erection,  Preservation  and  Standard  Specifi- 
cations, Bills  of  Material,  Records  and  Maintenance,  Working 
Drawings.     By  Wolcott  C.  Foster,  C.  B 4to,  cloth,    5  OO 

**  The  result  is  a  book  the  like  of  which  doe?  not  exist  In  anv  langna;^, 
and  which  is  often  calU-d  for  by  practif^ing  engineers  and  also  m  technical 
schools.  "—i?ai/7ioad  GazetU. 

GRAPHICS  FOR  ENGINEEBS,  ARCHITECTS,  AND 
BUIIiDERS. 
GREENE.  A  Manual  for  Desijmers,  and  a  Text-book  for  Scientific  Schools. 

TRUSSES  AKD  ARCHES.  Analyzed  and  Discaesed  by 
Graphical  Methods  by  Chas.  E.  Greene,  Prof,  of  Civil  En- 
gineering, University  of  Michigan.    In  THREE  PARTS. 

Part   I.      ROOF   TRUSSES.      Diagrams   for    Steady  Load, 

Snow,  and  Wind.     New  revised  edition.     1890 8vo,  cloth,    1  26 

Fart  II.  BRIDGE  TRUSSES.  Single,  ConUnaoas,  and 
Draw  Spans  ;  Single  and  Multiple  Systems ;  Straight  and 
Inclined  Chords.    Fourth  edition.  1891 8vo.  cloth,    2  50 

Part  in.    ARCHES  IN  WOOD,  IRON,  AND  STONE. 

For  Roofs,  Bridges,  and  Wall  Openings;  Arched  Ribs  and 
Braced  Arches ;  Stresses  from  Wind  and  Change  of  Temper- 
ature.    Second  edition 8vo,  cloth,    2  50 

'*  Prof.  Greene  has  prodaced  an  excellent  little  manual  which  we  can 
decidedly  recommend/ —iowrfon.  Engineering. 

*'I  do  not  hetiitaie  to  pronounce  it  (Prof.  Greeners)  the  bc8t  book  on  tbe 
subject  that  has  appeared."— Prof.  Gbo.  L.  Vosb. 

"The  book  is  decidedly  interesting.  We  can  recommend  it  as  particii- 
larly  adapted  to  students.'* — EngiMerinij  Kfiwg. 

MECHANICS  OF  ENGINEERING. 

CHURCH.  Comprising  Statics  and   Dynamics  of  Solids,  the  Mechanics 

of  the  Materials  of  Constructions  or  Strength  and  Elasticity 
of  Beams,  Colnmns,  Shafts,  Arches,  etc.,  and  the  Principles  of 
Hydraulics  and  Pneumatics  with  Applications.  For  the  use  of 
Technical  Schools.     By  Prof.  Irving  P.  Church,  C.E.,  Cornell 

University .' 8vo,  doth,     6  OO 

"  The  work  is  very  abundantly  illustrated,  and  the  information  is  ^ven 
in  a  style  which  cannot  fail  to  make  tbe  student  thoroughly  mast«r  of  the 
subject.  Prof.  Church  may  certainly  be  conffratulated  upon  compressing 
a  vast  amount  of  instruction  into  a  very  small  space  without  in  any  degree 
Interfering  with  the  necesfary  minuteness  of  detail  or  clearness  of 
description."— Xondo»  Irtdustrial  Betfieto. 

A  TEXT-BOOK   ON   RETAINING-WAIXS   AND 
MASONRY  DAMS. 

MERRIMAN.  By  Prof.  Mansfield  Merriman,  Lehigh  University. .  .8vo, cloth.     2  00 

This  work  is  designed  not  only  as  a  text-book  for  students,  but  al?o  for 
the  use  of  civil  engineers. 

Contents  :  Earth- work  Slopes,  The  Lateral  Pressure  of  Earth,  TnTe*tieB- 
tion  of  Retainlng-wiiUs,  Design  of  Hetaining-walls,  Masonrr  Dama, 

MATERIALS  OP  CONSTRUCTION. 

THURSTON.  A  Text-book  for  Technical  Schools,  condensed  from  Thurston's 

"  Materials  of  Engineering."  Tr€»ating  of  Iron  and  Steel,  their 
ores,  manufacture,  properties,  and  uses  ;  the  useful  metals  and 
their  alloys,  especially  brasses  and  bronzes,  and  the  "kal- 
chords  ";  strength,  ductility,  resistance,  and  elasticity,  effects 
of  prolonged  and  of  repf^ated  loading,  crystallization  and 
granulation  ;  peculiar  metals ;  Thurston's  *'  maximum  alloys  ": 
stone  ;  timber  ;  preservative  processes,  etc.,  etc.  By  Prof.Robt. 
H.  Thurston,  of  Cornell  University.  Many  illustrations. 
Fourth  edition,  revised,  wi'fli  complete  Index . . Thick  8vo,  cloth,    5  00 

"  We  think  tliis  volume  well  worthy  of  taking  it«  place  in  the  Engineer*! 
Librnry  as  ibe  '  ConstrnctorV  Vode  Mecura/"— /»»aO»  SngUttering. 


STUDY  ON  BX8EBVOIB  WALLB. 

KRANTZ.  Translated  trom  tbe  Frenc^  of  J.  B.  Krantz,  EnjRrineer-ln-Chief 

MAHAN.  of  Roads   and    Bridges,  by  F.  A.  Mahan.     lliastrated  with 

84  plates  comparing  Sections  of  Dams  Actually  Constrajted 

with  the  Profile  Types 8vo,  cloth,  $2  00 

*'  An  important  and  limely  work." 

BETATNINa  WAIiLS  FOB  EABTH. 

HOWB.  The  Theory  as  Developed  by  Prof.  Jacob  J.  Weyrauch,  ex- 
panded and  supplemented  by  practical  examples,  with  notes 
on  later  invest! ^rations.  By  Malverd  A.  Howe,  G.£.  New  edition 
entirely  rewritten  and  enlarged,  1891 12mo,  cloth,     1  25 

"  We  commend  this  little  volume  to  all  Engineers  of  Constrnction." — 
Industrial  Bevlew. 

**  An  addition  made  in  tbe  present  edition  is  a  chapter  on  the  supporting 
power  or  earth  in  the  ca»e  of  foundations  ;  another  is  a  fonnula  for  deter- 
mining the  breadth  of  the  ba»e  of  a  retalning-wall.  The  book  is  a  nsefnl  one 
both  ^r  students  and  for  engineers  in  practice/* 

—RcMroad  and  Enginuring  JaunuU. 

THE  DESIGN  AND  CONSTBUCTIOK  OF  MASOmtY 
DAMS. 

^  EGMANN  Giving  the  Method  employed  in  Determining  the  Profile  of  the 

Quaker  Bridge  Dam.  By  £.  Wegmann.  Jr.,  IM vision  Engineer, 
New  Croton  Aqueduct.  Illustrated  by  types  showing  the 
Masonry  Dams  of  the  World.     Containing  58  plates  showing 

some  Dams.     Second  edition,  revised 4to,  cloth,    6  00 

*'Thia  excellent  treatise,  undoubtedly  the  best  yet  published  on  its  sub- 
ject, which  mast  hereafter  be  of  great  service  to  those  having  to  design 
niffh  masonrv  dams.  It  contains  very  full  information  concerning  all  of 
the  largest  dams  in  the  world.  The  arrangement  itt  excellent,  the  text 
being  oivided  into  11  chapters  and  an  appendix,  and  the  paper,  type,  and 
exterior  of  the  work  make  It  a  very  liandsome  volume."— JS^rmMfintf^ivewa. 

A  TREATISE  ON  MASONHY  CONSTBUOTION. 

BAKER.  Containing  Materials  and  Method  of  Testing  Strength,  etc., 

COMBINATIONS  OF  MATERIALS  —  Composition,  etc., 
FOUNDATIONS  — Testing  the  bearing  power  of  Soils,  etc.; 
MASONRY  STRUCTURE— Stability  against  Sliding,  Over- 
turning, Crushing,  etc.,  etc.,  etc.  Complete  in  one  volume  of 
about  500  pages,  with  1S5  illustrations  and  eight  or  ten 
folding  plates.     By  Ira  O.  Baker,  C.E.     Eighth  edition. 

8vo,  cloth,    5  00 
**If  you  wish  the  best  book  ever  published  In  the  Bnjglish  language  on 
Masonry  Construction,  turn  with  confidence  to  this  irehX.w^y—Bmldwg. 

''  We  should  be  doing  injustice  to  both  author  and  publisher  did  we  not 
declare  at  once  our  conviction  that  this  is  the  most  valuable  and  complete 
Treatise  on  Masonry  as  yet  published,  at  leaat  in  English.*^— ^^n*rin(r  JVInra. 

STEBEOTOMY— PROBLEMS  TS  STONE  COTTZNG. 

WARREN.  In  four  classes — I.    Plane-sided  Structures.     II.     Structures 

containing  Developable  Surfaces.  III.  Structures  containing 
Warped  Surfaces.  IV.  Structures  containing  Double-curved 
Surfaces.     For  students  of  Engineering  and  Architecture.    By 

Prof.  S.  Edward  Warren 8vo,  cloth,    2  50 

'*  We  hope  to  see  it  adopted  extensively  In  Engineering  offices  and  class 
rooms."-  Zontfou  Architect. 

GEODETIC  SUBVEYING. 

MERRIMAN.  By  Prof.  Mansfield  Merriman,  Lehigh  University. .  .8vo,  cloth,     2  00 

CoNTXNTs  :  The  Figure  of  the  Earth,  The  Principles  of  Least  Squares,  and 
The  Field  Work  of  Trlangulation. 

FIGIJBE  OF  THE  EABTH. 

MERRIMAN.  An  Introduction  to  Geodesy.     By  Mansfield  Merriman. 

12mo,  cloth,     1  60 
**  It  is  so  far  popularized,  that  there  are  few  persons  of  ordinary  intelll- 
frence  who  may  not  read  it  with  profit  and  certainly  great  interest.''^— JKh^/i- 
neering  News. 

ENGLISH  AND  AMEBICAN  BAILBOADS  COMPABED. 

DORSET.  By  Edward  Bates  Dorsey.    With  Discussions  by  W.  W.  Evans, 

Thos.  C.  Clarke,  and  Edward  P.  North.  With  folding  plates 
of  tables %yo,  cloth,    1  60 

"  Such  a  volume  as  Mr.  Dorsey^s  will  be  found  constantly  useful  for 
reference.    It  is  of  undeniable  value."— iVortA-  Western  HaUroader. 

WATEB  SUPPLY. 

NICHOLS.  Considered  mainly  from  a  Chemical  and  Sanitary  standpoint. 

By  Wm.  Ripley  Nichols.  With  numerous  plates.  Fourth 
edition 8vo,  clotli,    2  60 

*^  We  can  commend  ihe  book  to  all  who  desire  to  have  a  clear,  compact, 
and  readable  account  of  the  many  interestinj;  questions  connected  with  the 
subject  of  wacer  supply."— ^^Uory  Engineer. 
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PBACTICAL   TREATISE   ON   FOITNDATIONS. 

PATTON.  By  W.  M.  Patton,  C.E.     21  fuU-poge  plates,  illustrated.    400 

pages 8vo,  cloth,  $5.00 

CoNTEMTS  :  Foundation  Bedti,  Fonndationi*,  Building  Sione.  Qaarrjinff, 
Masonry,  Archer,  Keystone,  Brick,  Box  Col  verts,  Cement,  Mortar.  Sand, 
Stability  of  Piers,  Arcli  Culvertp,  Cost  of  Work.  Dimenifiona  of  Fier*, 
Timber  Foundations,  Coffer  Dams,  Open  Cai88on,  Soundins?.  Borins*. 
Frame  Trestles,  Timber  Piers,  Means  of  Preserving  Timber  Joiniii  aod 
Fastenings,  Timber  Piles,  Cost  of  Timber  Trestles,  Embankment  of  Earth 
on  Swamps,  Deep  Foundations,  The  Open  Crib,  The  PnenmaiicCai.-««oa. 
Construction  of  Pnenmalic  Caissons.  Caisson  Sinkine,  Combined  Open 
Crib  and  Pneumatic  Calf^son,  All-iron  Piers,  Tx>cation  ofPiers,  The  Poetsch 
Freezing  Process,  (Quicksand,  Foundations  for  High  BnilUioga. 

A  GUIDE  TO  SANITARY  HOUSE  INSPECTION ; 

GERHARD.  Or,  Hints  and  Helps  regardiojr  the  choice  of  a  Healtkfal  Hoase 

in   City  or  Country.      By    Wm.    P.   Gerhard,   C.E.     Third 

edition,  revised Square  16mo,  cloth,    1  00 

**  Mr.  Gerhard  is  one  of  the  best  known  of  American  vnriten  on  BMUltMrj 
subjects."— Zondon  Saniicay  Becord. 

THE  WINDMILIi  AS  A  FBIME  MOVER. 
WOLFF.  Comprehending'  everything  of  value  relating  to  Windmills, 

their  Use,  Design,  Construction,  etc.     With  many  fine  illustra- 
tions.    By  A.  R.  Wolff,  M.E.,  Consulting  Engineer.     Second 

edition .8vo,  cloth,    8  00 

"  An  excellent  practical  treatise  which  fills  a  \'o\d.^^—SaUrdad  Oaa^U. 
"  A  work  of  undoubted  yalvLe.^'-^Ameriean  Maehinist. 

MUNICIPAIi  IMPROVEMENTS. 

GOODHUE.  By  W.  P.  Goodhue,  C.E.   A  Manual  of  the  Methods,  Utility, 

and  Cost  of  Public  Improvements,  revised  and  enlarged,  for 
the  Municipal  Officer 12mo,  cloth,    1  75 

*  THE  WORLD'S  COLUMBIAN  EXPOSITION  OF  1893. 

Special  Issue  of  London  Engineering. 
This  book  is  a  reprint  on  heavy  paper  of  the  ^n^at  Special 
Columbian  Exposition  Number  of  London  Engineering,  pub- 
lished April  21  St,  1893.  It  consists  of  about  140  pa^es  of  text, 
260  plates  and  engravings,  and  12  folding  plates.  It  contains 
a  full  description  of  the  history,  organization  and  scope  of  the 
exposition  ;  illustrations  of  all  the  buildings  in  Jackson  Park, 
etc.,  etc.  It  also  contains  an  exhaustive  illustrated  description 
of  the  new  Cunard  Steamer  "  Campania,"  which  started  on  her 
first  run  on  April  22d Bound  in  cloth,     2.50 


PUBLISHED  AND  FOR   SALE  BY 

JOHN^    TV^ILEY    &    SONS, 

53  East  1  Oth  Street,  New  York. 

if*»  WiU  he  mailed  and  prepaid  on  receipt  of  tli-e  price. 
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